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ABSTRACT 
Phytic acid, the hexaphosphate ester of myo-inositol, is a major 
phosphorus storage constituent of most cereals, legumes and oilseeds. 
The ability of phytate to complex with minerals and proteins leads to 
decreased solubilities of both dietary components hence affecting 
protein properties and mineral bioavailability. As well as affecting 
mineral absorption, phytate also affects the absorption of other 
non-essential metal cations, for example aluminium and cadmium. 
However the nature of phytate-metal cation interactions is not well 
understood, and information regarding the formation, structures and 
properties of metal-phytate complexes is scant. This thesis in 
concerned with the interaction of phytate with metal ions and the 
properties of the complexes produced by such interactions. 
Chapter 1 contains a general review on phytate chemistry and its 
consequences in nutrition 
Chapter 2 discusses the effect of phytate on the solubility of some 
metal cations (Mg(II), Ca(II), Fe(III), Cu(II), Zn(II), Cd(II), Pb(II), 
Hg(II) and Al(III)) at 37°C under pH conditions which may be 
encountered in the duodenum. The nature of soluble metal-phytate 
complexes is also examined by ion-selective electrode and 
31P-nmr 
methods. 
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Chapter 3 is concerned with the preparation, isolation and 
characterisation of metal phytate complexes. 
Chapter u outlines the determination of the pKa values of phytic acid 
and compares the values obtained with other phosphate esters occurring 
in nature. 
Chapter 5 examines the possibility that metal ions may catalyse the 
hydrolysis of phytate to produce orthophosphate and myo-inositol. 
Different methods of analysis are used to follow the hydrolysis 
reactions and the results are compared. 
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1.1 INTRODUCTION. 
In the world today it is recognized that although protein supply 
exceeds demand, the average figures do not consider distribution and 
quality. It is therefore highly probable that in the near future the 
world will have to rely on more obscure sources for its protein needs. 
A large portion of the world's proteins at present comes from cereals, 
although an ever increasing proportion is certain to come from oilseeds 
(soybeans, peanuts and sunflower seeds etc. ). However the presence of 
a nutrient in a food is no indication of its bioavailability. This is 
particularly true of micronutrients such as minerals and vitamins. The 
idea that minerals in plant foods are less available than minerals in 
animal foods is now generally accepted1'2. Many nutritionists have 
focused on phytic acid (Fig 1-1) as the main cause of the low mineral 
bioavailability from plant foods. 
OP03H2 OP03H2 
o PO3112 
H2O3Po 
OP03H2 
Fig 1-1 
In this chapter the historical background, structure, occurrence, 
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chemistry and nutritional effects of phytic acid will be discussed with 
particular emphasis on the interaction of phytate with multivalent 
metal ions. 
1.1.1 HISTORICAL BACKGROUND. 
In 1855 Hartig isolated small non-starch grains from the seeds of 
various species of plants3'4. Later Pfeffer separated these grains 
into three different types5; a protein, calcium oxalate and an 
organic compound free of nitrogen but containing calcium, magnesium and 
phosphorus. By 1897 Winterstien6 proposed "inosite-phosphoric acid" 
as the name for the compound because on hydrolysis phosphoric acid and 
inosite (inositol) were produced. Posternak made extensive studies of 
this compound7-10, prepared it in a pure form and studied its 
chemical and physical properties. He rejected the name given to the 
compound by Winterstein and named it "phytin". In 1907, after 
obtaining inositol from "phytin" following the action of rice bran, 
Suzuki et al. 11 proposed the structure given in Fig. 1-2 to illustrate 
their views on the structure of phytin. 
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Nueberg12, after carrying out experiments on "phytin" in which 
he obtained furfural by heating "phytin" with phosphoric acid and, 
distilling under reduced pressure, proposed the structural formula 
given in Fig. 1-3. The structure of phytic acid was for several years 
the subject of much controversy based around the structures proposed by 
Anderson13 Fig. 1-1k and by Neuberg. 
/O 
/ P(OH) 3 
(OH)3P ' 0, 
p (OH) 3 
0O 
P (OH)3 
P (OH)3 
\° 
P (OH)3 
Fig 1-3 
H2oP 
OP03H2 OPO3H2 
OPO3H2 
Fig 1-4 
P03H2 
The issue of conflict was the conformation of phosphate groups within 
the molecule and whether three tightly bound water molecules were 
actually incorporated into the structure. Recent evidence using 
nuclear magnetic resonance spectroscopy1 strongly favoured the 
Anderson structure with five phosphate groups equatorially orientated 
in the ring with the remaining phosphate group axially orientated 
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(5e/la structure) in dilute solution. Later following single X-ray 
analysis15+16 Blank et al. showed that in the hydrated dodecasodium 
salt the structure was inverted with thirty-eight water molecules 
present. The Anderson structure was confirmed further by various 
spectroscopic means 17"18,19 and is now the accepted structure. 
1.1.2 OCCURRENCE. 
Phytic acid , myo-inositol-1,2,3,4,5,6-hexakis(dihydrogen phosphate), 
is a constituent of a wide range of plant seeds and 
grains20,21(Tablel-1). Present predominantly as the potassium, 
calcium and magnesium salts (or salts containing a mixture of these), 
it is a form of storage of cations and phosphorus in many seeds22. 
Phytate occurs in seeds in various locations depending on the type 
of seed. In corn, phytate is mainly concentrated in the germ and in 
wheat and rice it is found in the outer layers, the pericarp and the 
aleurone23. In peanuts, cottonseed, and sunflower, phytate is 
concentrated in globoids, crystalloid-type structures within the seed, 
which act as storage sites24,25,26. In soybean seeds there seems to 
be no specific location for phytate possibly because the protein bodies 
of soybeans do not contain globoids and thus phytate is spread 
throughout the kernal27. 
As mentioned above the physiological role of phytate has been 
described as a phosphorus and cation store although other workers have 
suggested further roles e. g. a reserve of reactive phosphoryl 
groups28 or as an energy store29. It has also been noted that many 
seeds show an accumulation of phytate with advancing maturity30. 
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TABLE 1-1 
TYPICAL PHYTIC ACID CONTENTS (%DRY BASIS) 
OF SOME CEREALS AND OILSEEDS 
SAMPLE PHYTIC ACID 
CORN 0.89 
WHEAT, SOFT 1.13 
RICE, BROWN 0.89 
SOYBEANS 1.40 
PEANUT MEAL, DEFATTED 1.70 
SESAME MEAL, DEFATTED 5.18, 
RAPESEED MEAL, DEFATTED 3.69 
COTTONSEED FLOUR, GLANDLESS 4.80 
LIMA BEANS 2.52 
NAVY BEANS 1.78 
BARLEY 0.99 
OATS 0.77 
COCONUTS 2.38 
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Phytic acid phosphorus and phytic acid content of cereals, 
legumes, other oil seeds and their protein products are given in Table 
1-1. The phytate content varies from 0.5 to 1.89% in cereals, from 
0.40 to 2.06% in legumes, from 2.00 to 5.20% in oil seeds, and from 
0.40 to 7.50% in protein products. Typically about 60 to 90% of all 
phosphorus in seeds is present as phytic acid phosphorus. 
1.1.3 CHEMISTRY. 
1.1.3.1 ISOLATION. 
The commercially available phytate is usually from corn steep, 
and sold as the calcium/magnesium salt. However the crude phytate 
contains nitrogenous impurities and lower inositol phosphates22. 
The nitrogenous material may be removed by dissolving the salt in a 
large volume of boiling 8% v/v acetic acid for 5 minutes , then 
cooling and filtering off the insoluble material before finally 
reprecipitating the phosphates by adjusting the filtrate to pH 8-9 
with ammonia. Inorganic phosphate may be removed by redissolving 
the precipitate in 0.5M HC1 and reprecipitation of the organic 
phosphates as the iron(III) salts. After washing (0.5M HCl) the 
iron(III) salt is then treated with NaOH to give a solution of 
sodium salts. The lower inositol phosphates may be removed by 
recrystallisation from aqueous methanol31. 
Phytate can also be readily extracted from such materials as 
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wheat bran, rice bran and dried peas. The extraction is carried out 
by soaking the raw material in 0.5M HCl at 5°C for several hours and 
precipitating any protein material from the extract with 
trichloroacetic acid. The calcium/magnesium salt is precipitated by 
adjusting the extract to pH 8-9 with ammonia32. The sodium salt 
may then be prepared by the method outlined above. 
1.1.4 ANALYTICAL METHODS FOR PHYTATE. 
Before discussing in detail the chemistry of phytic acid, an 
insight into the analytical methods for phytate may be advantageous. 
Although there are many possible ways to analyse for phytate, few are 
found to be specific for phytate. These methods are discussed below. 
1.1.4.1 QUANTITATIVE ANALYTICAL METHODS. 
The most practical methods for the determination of phytate 
were, until recently based upon the principle that iron(III) phytate 
(the studies assume tetra-iron(III) phytate) is sparingly soluble in 
dilute acid33. Various adaptations of this original method have 
since been introduced34-4°. These methods involve the 
determination of iron(III) left in the supernatant liquid after the 
phytate has been precipitated. Latta and Eskin38 based their 
method of analysis on the competition between phytate and 
sulphosalicylic acid. In this reaction the addition of phytate to a 
iron(III)-sulphosalicylate complex solution reduces the absorption 
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of the solution at 500nm. Other methods using iron(III) complexing 
agents have also been reported30,43. More direct modifications of 
this method however involved the ashing of the iron(III) phytate 
precipitate and then analysing for phosphate 
41. 
The methods for the determination of phytic acid by 
precipitation with iron(III) are based on the precipitate being 
tetra-iron(III) phytate. This may not always be the case and these 
methods should be regarded with cautionu4. The methods that 
analyse for phosphorus in precipitates seem the most 
trustworthy42. 
1.1.4.2 ION EXCHANGE CHROMATOGRAPHY. 
Smith and Clarkk5 introduced ion exchange chromatography for 
the separation of inositol phosphates using a step-wise gradient 
with hydrochloric acid. The purpose of this study and also of a 
similar one carried out by Cosgrove46 was not, however the 
estimation of phytic acid. This method was extended to the analysis 
of phytate by Harlend and Oberleas47 using the resin AG1 (X8, 
200-400 mesh, Cl form), although AG1 (X1,100-200 mesh, Cl form) is 
now the recommended onek8. 
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1.1.4.3 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY. 
HPLC was first applied to the determination of phytic acid by 
Tangendjaja et al. 
49 using a uBondapak C18 column. A sodium 
acetate solution (0.005M) was used to elute the samples at a flow 
rate of 0.5m1/min. UV (254nm) and RI detectors were used 
simultaneously. The C18 column is still the one most 
common50,51,52, although there are variations in sample 
preparation. Lee and Abendroth53 noted that in previous work 
phytate was eluted with the solvent front. Following essentially 
the work of Graf and Dintzis5l lypophilised phytate samples were 
dissolved in the mobile phase (aqueous tetrabutylammonium hydroxide; 
2.5,5, or 10 mM adjusted to pH 7.2 with formic acid). An increase 
in the organic hydroxide concentration in the mobile phase caused a 
shorter retention time. The method had a detection limit of 2ng and 
linearity up to 40ug of phytate. 
The HPLC methods outlined above provide quick and accurate ways 
for the determination of phytate and show , the most potential for 
routine analysis. 
1.1.4.4 NUCLEAR MAGNETIC RESONANCE SPECTROMETRY. 
31P-FTNMR was used by O'Neill et al. 54 to analyse for phytate 
in foodstuffs after an extraction process involving trichloroacetic 
acid (3%) followed by separation using anion exchange 
chromatography. The pH of the sample was adjusted to 4.5 using 
tetrasodium EDTA, after which sucrose was added giving a solution 
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that was stable for several weeks. Mazzola et al. 
55 modified the 
31P-NMR method by adding a slight excess of tetrasodium EDTA to 
remove interfering paramagnetic ions, thus eliminating the addition 
of sucrose as a viscosity-increasing relaxation agent. 
The NMR spectrum of phytic acid is extremely pH 
sensitive14'17,18"19 however and this must be taken into 
consideration if these methods are to used to their full potential. 
1.2 GENERAL CHEMISTRY. 
The chemistry of phytic acid is dominated by its interaction with 
metal ions to form insoluble complexes. However phytate also reacts 
with a host of other compounds. The chemistry of phytic acid therefore 
has been split into the following five categories. 
1. Metal chelation. 
2. Iron inactivation. 
3. Electrostatic interaction with proteins. 
4. Specific binding to haemoglobin. 
5. Miscellaneous interactions. 
A wide range of chemical, medical, food and industrial 
applications have their basis in these reactions and will be discussed 
in further detail in the following sections. 
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1.2.1 METAL CHELATION. 
Phytic acid will precipitate any polyvalent cation under 
favourable conditions and this leads to many of the applications of 
phytate. However the insolubility of metal-phytate complexes has 
caused concern to nutritionists due to the possible adverse nutritional 
implications and some reviews have been published on this 
subject56,57,58,59. Although the mechanism by which phytate affects 
mineral nutrition is not clear many investigations2,60,61,62 suggest 
that insoluble complexes are formed in the intestinal tract preventing 
the absorption of metals. Reduced bioavailability of minerals by 
phytate is reported to be dependent on the several factors listed 
below63: - 
1. The ability of endogenous carriers in the intestinal mucosa to 
absorb essential minerals bound to phytate and other dietary 
substances. 
2. The concentration of phytic acid in foodstuffs. 
3. The concentration of minerals in foodstuffs. 
The digestion or hydrolysis of phytate by phytase enzyme in 
the intestine. 
5. Phytase inhibition. 
6. Processing of products or methods of processing. 
The nutritional implications of phytate-mineral interactions are 
discussed below. 
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1.2.1.1 CALCIUM. 
The adverse nutritional effects of phytic acid was suspected 
as some cereals were found to be rachitogenic and 
anticalcifying64,65. Later the compound responsible for this 
effect was shown to be phytic acid66,67. Since then it has been 
widely accepted that phytate in a diet effects the bioavailability 
of calcium by forming insoluble complexes. 
Studies on humans has shown that the mean apparent absorption 
of calcium was 130mg a day higher in subjects fed with dephytinised 
brown bread compared with those fed ordinary brown bread68. In 
other studies69,70 response to added sodium phytate in a diet was 
found to be variable, but if unleavened bread was consumed feceal 
excretion of calcium was increased and balances (the input of a 
nutrient into a body in comparison with the output) were negative in 
comparison to when lower phytate bread was consumed. 
Morris and Ellis7l fed subjects a daily total of 1100mg of 
whole or dephytinised bran. During the first five days 
approximately 100mg more calcium was being excreted by the subjects 
consuming whole bran muffins than those who were consuming 
dephytinised bran muffins. However in the next ten days the calcium 
excreted by both sets of subjects did not differ significantly 
(approx. 200mg). In a second study the mean calcium intake was 
730mg per day and the main fibre source was 8.6g per day of water- 
insoluble dephytinised wheat bran. The control menu supplied 0.5g 
of Phytic acid, although two higher phytate diets were also obtained 
(1.7g 
and 2.9g per day) by adding sodium phytate to muffins 
containing the dephytinised bran. The average calcium balances for 
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twelve men were found to be -23mg for the control diet and -34mg and 
-82mg for the diets containing 1.7g and 2.9g of phytate per day 
respectively. 
The use of 
45Ca to measure the excretion of calcium in 
adolescent boys after consuming a breakfast containing 80-90mg of 
calcium and either no phytic acid or 400mg phytic acid (or a 
supplement of 280mg sodium phytate) has been described72'73. The 
uptake of 45Ca was 74% (or 45% in the case of the sodium phytate 
supplement) that of the non-phytate meals. However if the calcium 
content of the meal was raised to 240mg, there was no difference in 
the uptake of k5Ca in all cases. 
The balance studies mentioned above were all carried out over a 
short period of time (between 2 to 4 weeks). It has been shown that 
human subjects can adapt to a high phytate diet in a short period of 
time, which led to the rachitogenic effect of phytate on humans to 
be questioned74-77. A study concerned with the bone and teeth 
calcification of people throughout the world who rely on cereal (and 
therefore high phytate) diets suggests humans can adapt to high 
phytate diets78. However other investigations69,79-84 have 
reported the incidence of rickets and osteomalacia in populations 
who consume high quantities of phytate in unleavened bread. The 
argument is further complicated by reports85,86 that vitamin D or 
interference in vitamin D metabolism by phytic acid is the cause for 
such effects and not the absorbtion of calcium by the intestine. 
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1.2.1.2 MAGNESIUM. 
Magnesium is closely associated with calcium and phosphorus in 
the animal body, both in distribution and in its metabolism, 
although it is present in smaller amounts than either of these 
elements. Magnesium is essential in the composition of bone and 
teeth and approximately 70% of magnesium present in the body is in 
the skeleton. 
Magnesium is required for various processes, notably as an 
activator of phosphates. Being essential to life if an animal is 
deprived of the element, it becomes increasingly irritable, its 
heart action is not controlled, there is damage to the kidneys and 
in the extreme, the animal will die in convulsions. 
In physiological studies on rats it was noted that magnesium 
deficiency appeared to be related to dietary factors87. Addition 
of sodium phytate to casein based diets aggravated the deficiency 
symptoms leading to the suggestion that magnesium deficiencies in 
other animals could be due to high dietary phytate. The addition of 
a 4% phytic acid-soy protein complex to a diet fed to chicks 
(including a 75ppm magnesium supplement), stunted the chicks growth 
and increased mortality as a result of decreased bioavallability of 
magnesium". However if the phytic acid-soy protein complex is 
removed from the diet and replaced with 4% phytic acid and 500ppm 
EDTA no change in the availability of magnesium to chicks was noted. 
Human studies on the effect of phytate on magnesium 
bioavailability have been complicated by the fact that bread made 
from wholemeal or high extraction flour contains greater amounts of 
magnesium than does white bread. Therefore diets vary considerably 
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in magnesium concentration depending on the bread type used. 
However in a study involving two men70 a negative balance was 
observed when tanok or bazari bread was consumed. However 
consumption of the bread with a phytate content (tanok) was 
accompanied by increased excretion of magnesium in feces and 
decreased urinary excretion. The apparent absorption of magnesium 
from dephytinised brown bread diets was observed to be about 60mg 
per day higher than from brown bread diets, even though the 
magnesium intake was 60mg per day less in the dephytinised diet68. 
Reinhold8k showed the presence of phytic acid in a diet decreased 
the availability of magnesium in humans. 
1.2.1.3 IRON. 
The average human adult body contains about ug of iron, over 
half of which is contained in the haemoglobin of the red blood cell. 
It also occurs in the cytochromes, peroxidases, catalases, and other 
enzymes. Most of the remainder is stored in the liver, bone marrow, 
and spleen, where it is ready for conversion to haemoglobin when 
required. Although anemia may be caused by certain diseases or 
changes in body metabolism which prevents the renewal of blood cells 
as rapidly as they are destroyed, it may also occur as a result of 
actual iron deficiency in the diet. 
Phytate was reported initially by Widdowson and McCance89 to 
reduce iron absorption in humans. However results obtained in 
subsequent studies have produced conflicting results. The addition 
of sodium phytate to white bread was observed to decrease iron 
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absorption90. The addition of sodium phytate to milk (0.2g/200ml) 
decreased iron absorption by 15-fold in a study with adolescent 
boys9l, although the same amount of phytate delivered in the form 
of oatmeal had considerably less effect. By measuring the rate of 
red blood cell production it was estimated that the addition of 
sodium phytate to 5mg of ferrous ascorbate reduced iron absorption 
by 50%92. The effect of phytate on the reduction of iron 
bioavailability has also been demonstrated by several other 
workers83,93,94, although reports that high levels of phytate had 
little or no effect on the iron bioavailability to both humans and 
animals have also been published95-101. The conflicting results 
may be due to variations in experimental techniques, animals and 
designs. Morris and Ellis102 have isolated mono-iron(III) phytate 
and have shown that over 60% of iron in wheat bran is present in 
this form while several other studies have shown monoiron(III) 
phytate to be a good source of iron103,104. 
1.2.1.4 ZINC. 
Zinc is found in all foodstuffs and animal tissues in amounts 
considerably less than those of iron. In the human body the amount 
of zinc present is approximately 2.2g, which is around half the iron 
content. Zinc is found in highest concentrations in the liver, 
pancreas and especially the thyroid. 
Zinc deficiency causes a number of disorders including loss of 
appetite, dwarfism, severe skin lesions around all body orifices 
diarrhoea, hair loss, dandruff, immune suppression, allergic 
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hypersensitivity, delayed wound healing, speech impairment, 
dyslexia, loss of sense of taste and smell, deterioration of 
eyesight, mental depression, schizophrenia, delayed sexual 
maturation in males, subfertility in males and, if a mother is zinc 
deficient during pregnancy, low birthweight of the baby105 
The interaction of phytate and dietary zinc was noticed and 
studied in animals before the full appreciation of the role of zinc 
in human health. In human studies Reinhold et al. 
69 observed 
negative zinc balances in three men consuming 2.5g of phytic acid as 
unleavened wholemeal bread. Similar addition of sodium phytate to 
leavened flat bread increased feceal excretion of zinc but not to 
the same extent as in the unleavened wholemeal bread. In a later 
study70 the daily zinc balance of two subjects were 1.3 and 1.6 
when 60% of the calorie intake was consumed as "bazari" bread 
(phytate intake 2.9g). However when phytate intake was increased to 
4.7g (in the form of "tanok" bread) the zinc balances were 0.1 and 
-0.4mg. 
Sandstrom et al. 106 labelled meals with extrinsic radiozinc 
and observed that percentage zinc absorbed was less from wholemeal 
bread (17%) than from white bread (38%). However the amount of 
zinc absorbed from the wholemeal bread was greater because of the 
greater zinc content. More zinc was absorbed from zinc enriched 
white bread than from zinc enriched wholemeal bread. Navert et 
al. 107 observed zinc absorption from 10g of wheat bran that had 
been fermented for differing lengths of time. The absorption of 
zinc increased from 9.6% to 19.8% as the molar ratio of phytate/zinc 
decreased from 17 to 4. The last two, studies were carried out over 
a period of two weeks. 
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Zinc absorption was measured by measuring feceal excretion of a 
stable zinc isotope administered in a liquid formula diet supplying 
15g of zinc per day. In the control diet 34% of the zinc consumed 
was absorbed, however when 2.31g of phytate was added to this diet, 
zinc absorption decreased to 18%. 
1.2.1.5 OTHER MINERALS. 
Davis et al. 108 noted a reduced copper and manganese 
availability when chicks were fed diets containing isolated soybean 
protein with phytate. Davies and Nightingale94 in a study with 
rats observed that the addition of 1% phytate to an egg albumin diet 
reduced the absorption of manganese and copper significantly. 
1.2.1.6 THE BINDING OF PHYTATE TO METAL IONS. 
In attempts to gain information on the nature of metal-phytate 
interactions Vohra et al. 
61 
estimated the relative stabilities of 
a number of complexes potentiometrically and listed the order of 
stability as: Cu 2+ > Zn2+ > N12+ > Co2+ > Mn2+ > Fe3+ > Ca2'. By 
carrying out similar work Maddaiah et al. 
60 found the order of 
stability to be Zn2+ > Cu2+ > Co2+ > Mn2* > Ca2+. More recently 
Martin and Evans have studied the binding of phytate to divalent 
metal ions mainly by calorimetric and titrimetric methods109-116 
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1.2.2 IRON INACTIVATION. 
Iron may exist in two different oxidation states at physiological 
pH, iron(II) and iron(III). The ease of interconversion of the two 
oxidation states make iron a catalyst for many biochemical reactions. 
It also, however, poses an oxidative menace and can frequently damage 
biological systems through the Haber-Weiss cycle117. 
02-" + Fe3+ Fe2+ + 02 (I) 
20 
2'" + 2H+ 
H202 + Fe 
2+ 
H202 + 02 (II) 
Fe3+ + OH- + "OH (III) 
The reduction of iron by various biological agents leads to the 
production of 02'" by the reversal of. (I). This radical then 
disproportionates to molecular oxygen and hydrogen peroxide, and the 
resulting Fenton reagent produces OOH. The hydroxyl radical 
indiscriminantly attacks most biomolecules. Radical mediated oxidative 
reactions have been shown to cause rheumatoid arthritis118, familial 
idiopathic epilepsy119, and dysfunctions of the heart, bowel, liver, 
kidney and brain. 
The iron catalysed formation of the hydroxyl radical from 
superoxide ion and hydrogen peroxide consists of two half-reactions: 
the reduction of iron(III) by the dioxygen radical and the oxidation of 
iron(II) by hydrogen peroxide. The availability of a coordination site 
that is free or occupied by a labile ligand such as water facilitates 
the first half-reaction, but is not a requirement120. However, 
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occupation of all coordination sites on the iron by a chelator 
displacing water ligands precludes the binding of hydrogen peroxide to 
the iron(II) and thus uncouples its oxidation. Phytic acid exhibits 
this type of behaviour, and in addition to inhibiting the reaction it 
also lowers the oxidation reduction potential of iron121 increasing 
the Feg+: Fe3+ ratio at equilibrium. Phytate also accelerates both the 
reduction of Fe3+ by ascorbate and the oxidation of Feg+. It has, 
therefore a unique ability to remove oxygen without the concomitant 
production of oxy-radicals. 
There are several food applications of phytic acid based on its 
ability to prevent hydroxyl radical formation and to stabilise lipids, 
sorbic acid, ascorbic acid, dyestuffs, enzymes, leading to food 
preservation and ingredient shelf-life extension122. 
Metal corrosion is another form of iron oxidation that can be 
inhibited by phytic acid122 
1.2.3 ELECTROSTATIC INTERACTIONS WITH PROTEINS. 
Phytic acid interacts strongly with proteins in a pH-dependent 
manner. 
a) Low PH: The interaction between phytate and proteins below pH 
5 is attributed to strong charge effects. Under such conditions 
phytate has a strong negative charge whereas proteins are positively 
charged. This could lead to the formation of protein-phytate 
complexes123,124(Fig. 1-5). 
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0----""""-+HP-CH2- - Protein 
1 
PO- 
I 
0 
Fig. 1- 5 
b) High pH: Strong protein-phytate interactions are noted at high 
pH which presumably are different than those at low pH because both 
species carry net negative charges. In the presence of multivalent 
cations, soluble protein-cation-phytate complexes occur by the 
following mechanismt25: 
Cation + Phytic acid = (cation-phytic acid) (I) 
Protein + Cation + Phytic Acid = (protein-cation-phytic acid) (II) 
It has been suggested that these complexes are labile in alkaline 
solution12u 
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1.2.4 SPECIFIC BINDING OF PHYTIC ACID TO HAEMOGLOBIN. 
Phytic acid shows a great affinity for the 2,3-di-phosphoglycerate 
site of haemoglobin. The dissociation constant of human 
deoxyhaemoglobin and phytate is 6x 10-8 M126, while the dissociation 
constant for oxyhaemoglobin-phytate is 1x 10-6 M127. Thus from Le 
Chatalier's principle deoxygenation of haemoglobin by phytate occurs 
since the two pathways from Hb to Hb02. phytate (Figure 1-6) must be 
energetically balanced at equilibrium. 
0, 
Hb HbO: 
Phy PhY 
o, 
Hb"Phy so. 
Hbo, "PhY 
Fig 1-6 
Therefore phytic acid decreases the 02 half-saturation pressure and 
facilitates the dissociation of 02 from haemoglobin. Recently, phytic 
acid has been incorporated irreversibly into functionally intact human 
erythrocytes. The phytate-carrying red blood cells improve oxygen 
transport and are of potential use in treating vital organ ischemia, 
haemolytic anemia, pulmonary insufficiency and hypererythropoiesis. 
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1.2.5 MISCELLANEOUS INTERACTIONS. 
Vertebrate bone and tooth has a main structural component of 
hydroxyapatite (Ca5(pO4)30H). Myo-inositol phosphates are absorbed 
onto it with a high affinity forming a monomolecular surface layer, 
that strongly inhibits the dissolution and growth of hydroxyapatite 
crystals. This interaction inhibits several undesirable pysiological 
processes: 
a) Bone resorption. 
b) Bone turnover. 
C) Enamel dissolution. 
d) Cariogenensis. 
e) Plaque formation. 
f) Growth of renal calculi. 
Several phytate containing oral care products have been formulated 
and are available122. 
Phytic acid also improves the hardness, flexibility and adhesion 
of organic finishes to steel122. Metal phytates also form very hard 
dental cements128. The high heat capacity and iron chelating 
properties of these salts make them efficacious fire retardants122. 
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1.3 PHYTASE ENZYME. 
The enzyme phytase (meso-inositol hexaphosphate phosphorylase) is 
commonly found in plants, animals and fungi22 and dephosphorylates 
free inositol phosphates. It has been isolated from several different 
sources including wheat129'130, corn131, navy beans132, dwarf 
beans133, and animals such as rats, chickens, calves and humans13u. 
Phytase acts on phytate to give inositol and orthophosphate, via 
the lower inositol phosphates. The optimum pH for the enzyme activity 
lies between pH 4-7.5 , the optimum temperature lies between 45°C and 
60°C. However phytases from different cereal sources have been shown 
to be resistant to dry heat135. 
The ability of man to hydrolyse phytates is a controversial 
issue136 and it has been suggested that any hydrolysis that occurs in 
the digestive tract is due to microbial phytases and nonenzymic 
cleavage137. 
Phytase inhibitors include phytate precipitants, for example Cut+, 
Zn2+, Fei+, Cat+, F-, inorganic phosphorus. Activators include Cat+, 
Mgt+, CN-, SCN-, oxalate (although all of these can act as inhibitors 
as well under the correct conditions) and vitamin D57. 
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1.4 REMOVAL OF PHYTIC ACID. 
In addition to the nutritional reasons discussed above, the 
presence of phytate in soybean meal causes complications in the 
isolation of proteins from the soybean138. Several methods are known 
for the removal of phytic acid and are discussed below. 
1.4.1 MILLING PROCESSES. 
With the main exception of soybeans a large number of oilseeds and 
cereals, phytic acid is concentrated in specific parts of the seed. 
Thus it is possible to mechanically separate these parts of the seed 
from the other components and hence remove phytate from the seed. An 
example of this is corn which has about 90% of its content of phytic 
acid in its germ, also the outer layers of rice and wheat where phytate 
is concentrated23. 
1.4.2 EXTRACTION BY WATER. 
In soybeans phytate is present, almost entirely, in a form that is 
soluble in water. Furthermore, the solubility behaviour of phytate and 
proteins are different139, and so by adjusting the pH of an aqueous 
extract of soy bean it is possible to precipitate one component and 
remove it for, example by filtration or centrifugation. Three separate 
pH regions have been studied: above pH 11, pH 6 to 10 and below pH 
5.5. 
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At high pH precipitation with either calcium or barium followed by 
centrifugation removed about 80% of phytate present from an alkaline 
extract of soybeans140. A similar procedure was followed by 
Goodnight et al. 141 who adjusted the pH of an aqueous extract from 
soyflakes to pH 11-12, precipitated the phytate present, removed the 
precipitate by either vacuum filtration or by centrifuge, and then 
readjusted the aqueous extract to pH 7 with HC1. This procedure, it is 
reported, reduced the phytate content from 2.18% to 0.13% in the 
isolate. 
The use of high pH to remove phytate needs a careful control of 
temperature and of high centrifugal force since phytate salts can exist 
as very fine suspensions. Lysinoalanine formation, which occurs at 
high pH and is nutritionally toxic, is not reported to have formed in 
soy protein isolates prepared by such a method141,142. 
At lower pH values (pH 6-10) the process may still be used if a 
few modifications are made. In this pH range, as discussed above 
phytate can exist as a ternary protein-cation-phytic acid complex. 
Thus the selective removal of phytate from such a system is dependent 
on the dissociation of the complex. The removal of cations would make 
the formation of the ternary complex impossible and may be achieved by 
the addition of sequestering agents such as EDTA. The protein and 
phytate left in solution can then be separated on the basis of molecular 
size differences dialysis or ultra-filtration. 
At lower pH values (pH 5.0-5.5) phytate and protein can be 
separated since phytate is soluble (in the absence of multivalent 
cations) and proteins are insoluble139,143. However, under such 
conditions, proteins exist in very fine colloidal suspension and the 
use of centrifuge techniques may not effect a separation. 
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Between pH 4.0 and 4.5 both phytate and protein are insoluble. 
This may be exploited because the phytate is associated to proteins by 
an ionic interactionikO. Thus extraction of phytate from a system 
will depend on the dissociation of the phytate-protein complex. The 
presence of calcium has been reported to inhibit the formation of such 
complexes123, caused by competition between calcium and protein for 
phytate. However the low pH/calcium ion method of removal of phytate 
suffers from the disadvantage that the soybean globulins can dissociate 
and be denatured at such a low pH144 or if whole soybean extracts are 
used hydrolysis of, and interaction between, oligosaccharides and 
protein occurs125. 
1.4.3 HYDROLYSIS BY PHYTASE. 
The hydrolysis of phytate by phytase has been studied by several 
workers76,100,136,145,146 who have established that treatment by 
phytase is an effective way of lowering the phytate content of foods. 
1.4.4 DIALYSIS. 
Soluble phytate when it is unassociated with protein may be 
separated from the protein on the basis of molecular size i. e. 
dialysis. In this technique it is essential that a close control be 
kept on pH and cation concentration. It has been reported that the 
maximum removal of phytate with minimal removal of nitrogen can be 
achieved at pH 7138,140. Other workers have found dialysis suitable 
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only if caclium ions are added at low pH and EDTA added at high 
144 pH. A main drawback to the separation of phytate from proteins by 
dialysis is that is is not practical to use on a large scale. 
1.4.5 ULTRAFILTRATION. 
Ultrafiltration involves the use of membranes to selectively 
discriminate between molecules of different shapes and sizes. This is 
obviously advantageous in the separation of phytates (molecular weights 
-1,000) from proteins. A major advantage of ultrafiltration is that no 
application of heat or change in pH is required to aid separation. 
Okubo et al. 144 and Omosaiye and Cheryan125 have used 
ultrafiltration for the removal of phytate from soybean extract and 
defatted soy meal with a reduction of phytate by around 90%. 
1.4.6 MISCELLANEOUS. 
Phytate may be removed from soy isolates by autoclaving at 115°C 
due to hydrolysis but the essential amino acids may also be 
destroyed2. Cooking rice removes the phytate concentration by about 
70%147, however it has been reported that normal commercial heat 
processing does not reduce phytate concentration56. 
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1.5 CONCLUSIONS. 
Phytic acid is found in cereals and grains and can account for up 
to 90% of the total phosphorus in them. It has a strong binding 
capacity for proteins and multivalent cations. The metal phytate 
complexes formed by the interaction of phytate with multivalent metal 
ions are generally insoluble at physiological pH hence leading to the 
decreased bioavailability of many minerals to man and animals. At 
acidic pH phytate forms complexes with proteins by ionic interaction 
whereas at high pH divalent cations mediate the formation of 
phytate-protein complexes. 
Very little is known about the interaction between phytate and 
metal ions, or the properties of the products of such interactions i. e 
their solubilities, stoichiometries etc.. At present there is 
confusion about the forms of phytic acid occuring in nature (and at 
physiological pH) owing to the complexity of a system containing 
phytate. In past studies the interaction of phytate with multivalent 
metal ions to form soluble complexes has been mentioned but little 
information regarding the nature of these complexes is available. With 
the increasing awareness of the importance of trace elements in 
controlling many biological problems, a full understanding of the 
adverse effects of nutritional components such of phytic acid is vital. 
In addition to the adverse effects of phytate, its possible benificial 
effects should also be studied, for example the complexation of phytic 
acid to heavy metals making them biounavailable. There is little 
doubt, however, that there is a great void in the known information on 
phytic acid and this should be rectified as soon as possible. However 
it would be useful to consider not only phytic acid in such studies but 
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the family of inositol phosphates as a whole. Studies on the more 
simple systems, for example the inositol monophosphates, would 
definitely lead to a greater understanding of the chemistry of phytic 
acid. This, however, is not possible at the present time due to the 
unavailability and expense of lower inositol phosphates. 
The need for structural information on the complexes of phytic 
acid is apparent. However the complexes are totally amorphous thus 
X-ray studies are unable to be carried out. The use however of solid 
state nuclear magnetic resonance spectroscopy would certainly add to 
the little knowledge presently available on this subject. 
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CHAPTER 2. THE EFFECT OF PHYTATE ON METAL ION 
SOLUBILITY. 
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2.1 INTRODUCTION 
The formation of insoluble phytate complexes in the gut is knownn 
to be a major cause for the adverse nutritional effects of phytic acid. 
Despite this very few studies have been carried out on the effects of 
phytate on the solubilities of minerals under various conditions of pH 
and mineral to phytate ratios. 
Jackman and Blackl undertook an early study on metal-phytate 
solubility as a function of pH. This was at phytate to metal ratios of 
1: 1 and 1: 3.75 for iron(III), aluminium(III), calcium(II) and 
magnesium(II). The results of this study show that the metal phytates 
become soluble as the pH is lowered below pH 2 for trivalent metal ions 
and below pH 5 and pH 7 for calcium and magnesium respectively. The 
iron(III) and aluminium phytates also redissolve slowly above pH 4 as 
the pH is raised. It was also noted that with calcium, magnesium and 
aluminium salts, the addition of excess cation decreases the phytate 
solubility. This observation would be expected as the excess metal 
ions would induce the precipitation of the phytate present in the 
supernatant. However the addition of excess iron(III) chloride to an 
equimolar system of iron(III) phytate increases the solubility below pH 
2 reaching 90% solubility at pH 1.5. Addition of excess iron(III) 
cation decreases solubility at higher pH. This work concentrates, 
however, on the effect of metal ions on phytate solubility and not the 
inverse relationship. A study on the effect of added phytate on metal 
ion solubility would be more useful for gaining information on the 
nutritional role of phytic acid. 
Grynspan and Cheryan2 carried out a study on the effect of pH 
and metal to ligand molar ratio on the solubility of calcium(II) 
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phytate. Calcium(II) and phytate species are highly soluble below pH 4 
at molar ratios of calcium to phytic acid from 0.5 to 12.67. With 
increasing pH the solubility drops (dependent on calcium to phytate 
ratio) reaching a maximum above pH 6. Under calcium limiting conditions 
the complexes redissolve above pH 7. This effect is to be expected 
on the basis of Graf and Eaton's observation that Mn phytates 
(n=<2) are highly soluble at all pH values3. 
Graf and Eaton3 produced a study on the effect of phytate on 
calcium, zinc and iron(III) solubility at pH 7.4. The results obtained 
show a minimum in calcium solubility at a calcium to phytate ratio of 
ca. 10: 1 rising rapidly to 100% solubility at a ratio of 1: 10. A 
similar pattern is observed for zinc solubility. Graf and Eaton state 
that equimolar metal-phytate complexes are highly soluble, a study of 
the graph produced in their work suggests a metal to phytate ratio of 
1: 2 is probably a better estimate. The work carried out on the effect 
of phytate on iron(III) solubility shows that the addition of 1.15mM 
phytate to a range of iron(III) solutions (10-8M - 10-4M) increases 
iron(III) ion solubility at pH 7.4. This is the type of study which is 
essential to gain information on the interaction of phytate with metal 
ions. It does however only consider the interaction at one pH value, 
whereas conditions in the duodenum (where absorption of metal ions take 
place in the digestive system) range from pH 2- pH 7. There is, 
therefore, a large gap in information concerning the effect of phytate 
on metal ion solubility and its implications for the nutritional 
properties associated with phytic acid. 
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2.1.1 CONDITIONS IN THE DUODENUMk 
Immediatly after eating, antral and duodenal contents are almost 
neutral, and only small, irregular fluctuations in pH occur. However, 
the pH of gastric contents falls progressively so that 30 minutes after 
a meat meal the pH of chyme within the antrum lies between 2.5 and 3.4. 
After a further hour the pH decreases to 2.0 and then remains steady. 
At this time the pH immediately beyond the pyloric sphincter alters 
appreciably as chyme is delivered to the duodenum in spurts. At the 
base of the duodenal bulb the prevailing acid condition is interrupted 
by neutrality, whereas further along the prevailing conditions are 
interrupted by acidity. In normal subjects the average pH of the 
contents of the second part of the duodenum lies between 5.4 and 7.8 
and the pH is below 3.0 less than 1% of this time. 
It was therefore decided to undertake studies concerning the 
effect of phytate on metal ion solubilities in a pH range of 2-7. The 
minerals chosen were calcium(II), magnesium(II), zinc(II), copper(II), 
and iron(III). It was also decided to study the effect of phytate on 
the solubilities of toxic heavy metals i. e. cadmium(II), lead(II), 
mercury(II) and also, in view of recent reports linking aluminium 
absorption to the incidence of Alzheimer's diseases, aluminium(III) 
was also included in the study. 
The effect of phytate on the solubility of metal ions at various 
original concentrations of metal ions would show if the concentration 
of metal is a contributing factor to the precipitation of metal 
phytates. In addition to solubility data, information on the 
structures of the soluble metal species would provide useful 
5Z 
information. Graf6 carried out an investigation on the 
Ca(II)-phytate system and observed that with an increase in pH, the 
affinity of phytate for calcium(II) increases. This would be expected 
because the ligand becomes less protonated at higher pH values and this 
exposes additional complexing sites for metal ions. It was also shown 
that there were two soluble phytate species in this system, the 
monocalcium(II)-, and dicalcium(II)-phytates, whereas all other phytate 
species precipitate even at low pH. 
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2.2 EXPERIMENTAL 
2.2.1 STUDIES ON THE EFFECT OF PHYTATE ON METAL ION SOLUBILITIES. 
Sodium phytate was purchased from Aldrich chemical Co. Ltd., and 
used without further purification. A stock solution (0.1M or 0.01M) of 
this, made up in buffer (see below), was added in varying amounts to a 
0.1M metal chloride (magnesium(II), calcium(II), copper(II), 
aluminium(III) and iron(III)), metal sulphate (zinc(II) and 
cadmium(II)) or metal acetate (lead(II) and mercury(II)) solution which 
also contained buffer. In the case of iron(III) a 0.1mM solution was 
used in order to avoid precipitation. The mixture was then diluted 
with buffer solution to give a final metal ion concentration of 0.01M. 
and phytate concentrations in the range: of 0.0625mM - 30mM. The 
mixtures were placed in a water bath thermostatted at 37°C, and after 
temperature equilibration the pH values were adjusted by addition of 
small quantities of HCl (3M) or NaOH (2M) solutions as necessary. The 
final buffer concentrations and the pH values of the mixtures were as 
follows: N-2-hydroxyethyl-piperazine-N'-2-ethanesulphonic acid (HEPES, 
0.05M) (I) for pH 7.07, sodium hydrogen maleate/sodium hydroxide 
(0.2M) for pH 6.07, acetic acid/sodium acetate (0.2M) for pH 
5.5-4.07, formic acid/sodium hydroxide (0.29'M) for pH 3.5 and pH 
3.07. 
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HOCH2 CH2 N NCH2CH2SO3H 
(I) 
The reaction mixtures were kept at 37°C for periods of hours to 
ensure complete precipitation. Although precipitation was immediate in 
all cases it was thought advisable to leave the mixtures for the 
following periods of time, 2 hours for calcium, magnesium and copper, 
and 24 hours for iron(III), zinc, cadmium, aluminium, lead and mercury. 
After this the supernatant was removed, diluted and analysed by flame 
atomic absorption spectroscopy on an IL 357 spectrophotometer, at the 
following wavelengths; calcium(422.7nm), copper(324.7nm), 
magnesium(285.2nm), iron(248.3nm), zinc(213.9nm), cadmium(228.8nm), 
aluminium(309.3nm), lead(217. Onm) and mercury(253.7nm). Standard 
solutions were prepared by reported methods8. Potentiometric 
measurements were conducted on a Pye Model 79 pH meter fitted with a 
Pye Unicam-Ingold combined electrode; the pH meter was standardised 
using 0.05M potassium hydrogen phthalate (pH 4.01 at 25°C, pH 4.03 at 
37°C) and 0.01M borax (pH 9.18 at 25°C, pH 9.10 at 37°C) buffers7. 
2.2.2 STUDIES ON THE EFFECT OF METAL: PHYTATE RATIO ON METAL ION 
SOLUBILITIES. 
Sodium phytate stock solution (0.1M) containing buffer (HEPES, 
0.05M) was added in varying amounts to calcium chloride solutions 
(0.5M, 0.1M, 0.05M and 0.01M) also containing buffer (HEPES, 0.05M). 
The mixture was then diluted with buffer solution (HEPES, 0.05M) to 
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give final calcium ion concentrations of 0.05M, 0.01M, 0.005M and 
0.001M and final phytate concentrations in the range 0.0625mM to 0.01M. 
The mixtures were placed in a water bath thermostatted at 37°C and 
after temperature equilibration the pH of solutions were adjusted by 
the addition of small quantities of HC1(3M) or NaOH(2M) to pH 7. The 
reaction mixtures were kept at 37°C for 2 hours after which the 
supernatant was removed, diluted and analysed for calcium by flame 
atomic absorption using the method outlined above. 
2.2.3 CALCIUM ION SELECTIVE ELECTRODE STUDIES. 
2.2.3.1 THE EFFECT OF PHYTATE ON THE FREE CALCIUM ACTIVITY IN 
SOLUTION. 
A solution of calcium chloride (0.008M, 5ml, 0.004mmole) which 
contained HEPES buffer (0.05M, 5m1) was titrated into a solution of 
sodium phytate (0.001M, 1I0ml, 0.004mmole) which also contained 0.05M 
HEPES buffer. These concentrations and conditions were chosen 
because they did not give rise to precipitation. The free calcium 
activity was determined using a calcium 
ion-selective electrode: An 
Orion 93-20 calcium ion-selective electrode was used in conjunction 
with an Orion 90-01 single 
junction silver-silver chloride electrode 
for this purpose. Both electrodes were connected to an Orion 901 
digital ion analyser. All solutions were made up with doubly 
distilled deionised water. An ionic strength buffer (4M KC1) was 
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added (to 5-10%) to all solutions 
2.2.3.2 COMPETITION FOR PHYTATE BETWEEN CALCIUM AND A SECOND METAL. 
The procedure described above (2.2.3.1) was repeated, using an 
equimolar metal-phytate solution (0.001M) (metals used were 
magnesium(II), mercury(II), cadmium(II) and aluminium(III)). The 
free calcium(II) activity was again determined by calcium 
ion-selective electrode. 
2.2.4 31P-N. M. R. STUDIES ON PHYTATE AND METAL PHYTATE SOLUTIONS. 
Aqueous solutions of sodium phytate, metal chloride (magnesium, 
calcium, strontium, barium, cadmium, and aluminium), zinc sulphate and 
mercuric acetate were prepared (0.023M), each solution being adjusted 
to pH 7 using HC1(3M) or NaOH(2M). Metal phytate solutions were 
prepared by adding the metal ion solution (1ml) to the phytate solution 
(2m1) and D20(0.5m1) was then added to each solution. The 
31P-nmr decoupled spectra of free phytate and metal phytate solutions 
were recorded on a Brucker AC300 pulse fourier-transform N. M. R. 
spectrometer at 121.5MHz, 250C using an external 80% phosphoric acid 
reference (no correction for bulk susceptibility) and a 10mm broad band 
probe. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 SOLUBILITY STUDIES. 
Phytic acid has twelve ionisable hydrogen atoms, for which the 
dissociation constants have been determined and these are discussed in 
chapter 4. In summary phytate has six strongly acidic protons with pKa 
values below 3.5 and six more weakly acidic protons with pKa values 
ranging between -5-9.5, the exact values of which depend on the 
measuring conditions. Under physiological conditions, therefore, 
phytic acid is extensively ionised and capable of interacting strongly 
with metal ions 9,10,11,12, producing in many cases highly insoluble 
complexes. 
Plots of metal ion solubility as a function of pH in the presence 
of varying amounts of phytate are presented in figures 2-1 to 2-9. 
Considering figure 2-1 the addition of phytate to a solution of 
calcium(II) ions (0.01M) at pH7,37°C, causes no precipitation up to 
-0.5mM phytate. Above this phytate concentration, precipitation occurs 
and results in a minimum calcium(II) ion solubility between 2mM and 9mM 
phytate (15%-25%). With the continued addition of phytate, the calcium 
ion solubility begins to rise sharply until 100% solubility is reached 
at 20mM phytate concentration. These results may be rationalised on 
the basis of complex formation between calcium(II) ions and phytate. 
As mentioned earlier, in solutions containing calcium(II) ions and 
phytate a number of complexes that depend on the metal to ligand ratio 
can form. At [Ca]/[phytate]>5 the main species is 
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pentacalcium(II)-phytate, although it has been shown when calcium(II) 
is in large excess some hexacalcium(II)-phytate may also exist2. At 
lower metal ion to ligand ratios the complexes Can(phytate) (n=1-4) 
would be expected to form. The hexa-, penta-, tetra-, and 
tricalcium(II) complexes are very insoluble whereas the di- and 
monocalcium(II) are more soluble. 
At [phytate]<0.5mM the concentration of pentacalcium(II)-phytate 
is insufficient to cause precipitation. Above this phytate 
concentration, precipitation occurs and reaches a maximum at a ligand 
concentration of 2mM (i. e. metal to ligand ratio of 5: 1) consistent 
with a maximum formation of pentacalcium(II)-phytate. Between 2mM and 
9mM phytate there is little change in calcium(II) ion solubility (at 
p117) and it is likely that the precipitate is a mixture of insoluble 
Can(phytate) (n=3-5) species. At higher phytate concentrations the 
more soluble mono- and dicalcium(II) complexes are formed. The 
formation and distribution of these species as well as the degree of 
protonation of the uncomplexed phosphate groups will be pH dependent 
and this explains the solubility variations as a function of pH. 
In figure 2-2 the effect of phytate on calcium(II) solubility at 
pH 7, with four different calcium(II) ion concentrations; 0.001M, 
0.005M, 0.01M and 0.05M, is illustrated. The basic shape of each curve 
is the same, with the exception that minimum solubility of calcium(II) 
occurs at different phytate concentrations, the minimum value being 
approximatly the same in each case (-10%). Figure 2-3 illustrates how 
varying the concentration of metal ion effects the precipitation of 
metal-phytate. In this plot it can be seen that maximum precipitation 
occurs at the same calcium(II) to phytate ratio irrespective of 
calcium(II) ion concentration, this ratio being 5: 1. Microanalysis of 
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precipitates produced at this calcium(II) to phytate ratio, however, 
gave the solid a calcium: phytate ratio of 5: 2. 
Figures 2-4 to 2-9 illustrate the effect of phytate on the 
solubilities of magnesium(II), copper(II), zinc(II), cadmium(II), 
aluminium(III) and lead(II) at various pH values. There are no graphs 
shown for iron(III) and mercury(II) because both metals were found to 
be 100% soluble at all pH values studied. In the case of copper(II) a 
solubility curve was not produced at pH 7 because copper(II) 
precipitated by itself at this pH. The same applies to aluminium(III) 
at pH 6 and pH 7. It can be seen from figures 2-4 to 2-9 that each 
metal ion follows the same general pattern in its solubility 
characteristics as calcium(II) and thus can be rationalised in the same 
way. Presumably similar graphs to figures 2-2 and 2-3 could also be 
produced for each of these metals. 
Iron(III) was found to be 100% soluble at all pH values studied, 
however this is more likely to be becaupe the concentrations of any 
iron(III) phytate formed would be too low to cause any precipitation. 
A more interesting result is that concerning mercury(II), its 
solubility is not effected by the presence of phytate at any of the pH 
values or mercury(II): phytate ratios studied. The consequences of this 
observation could be highly important if the mercury(II) in solution is 
not bound to the phytate ligand (assuming soluble metal-phytates 
continue to make the metal biounavailable); this would lead to 
possible absorbtion of mercury(II) by the digestive system with no 
beneficial effect resulting from the presence of phytate. 
71 
2.3.2 CALCIUM ION-SELECTIVE ELECTRODE STUDIES. 
Figure 2-10 shows the effect of phytate on the activity of 
calcium(II) ions in solution. The concentrations of phytate and 
calcium(II) ions in this study were chosen so that precipitation was 
avoided. From figure 2-10 it can be seen that at equimolar 
concentrations of calcium(II) to phytate, approximately 90% of the 
calcium(II) present in solution is bound, indicating the presence of 
calcium(II)-phytate complexes in solution. These results are 
consistent with those of Graf6. Graf also carried out studies on the 
competition for phytate between calcium(II) ions and a second metal ion 
(lithium, sodium, potassium, magnesium(II) and barium(II)). The 
results produced are as would be expected with magnesium(II) and 
barium(II) binding strongly to phytate and lithium, sodium and 
potassium being considerably more weakly bound. 
The studies carried out in this work on the competition for 
phytate by calcium(II) and a second metal ion concentrated on divalent 
metal ions (magnesium(II), cadmium(II) and mercury(II)) and one 
trivalent metal ion (aluminium(III)). Other metals could not be 
included in the study because of their strong interference with the 
calcium ion-selective electrode. Figures 2-11 and 2-12 show that when 
calcium(II) ions are added to an equimolar solution of magnesium(II) or 
aluminium(III) phytate, more free calcium(II) ions are present than in 
solutions containing equimolar amounts of calcium(II)-phytate alone. 
However the increase in free calcium(II) ions is small, 5% for the 
magnesium(II) solution and 10% for the aluminium(III) solution. This 
indicates that the calcium(II) still binds to phytate in the presence 
of either magnesium(II) or aluminium(III) ions. However it would be 
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misleading to state that calcium(II) binds to phytate preferentially to 
magnesium(II) or aluminium(III) as these ions may be bound to the 
ligand at the same time. 
Figure 2-13 illustrates the effect of adding calcium(II) ions to a 
mercury(II)-phytate solution. It can be seen that the presence of 
mercury(II) increases the amount of unbound calcium(II) in solution, 
from -10% to -50% indicating an interaction between mercury(II) and 
phytate which is of comparable strength to that of calcium(II) and 
phytate. 
The same can be said for the effect of cadmium(II) on the binding 
of calcium(II) to phytate (figure 2-14). However the effect due to 
cadmium(II) is more pronounced than that due to mercury(II). This 
indicates that cadmium(II) displaces the calcium(II) from the phytate 
ligand. Again, this has interesting implications on the role played by 
phytic acid on cadmium(II) bioavailability. 
2.3.3 31P-N. M. R. STUDIES. 
31P-nmr studies on phytic acid have been carried out 
previously16-20 and pKa values of phytic acid (discussed in chapter 
4) have been determined using this technique. Conti et al. 
20 studied 
the 31P-nmr spectra of phytate and the Gd(III)-phytate complex in the 
pH range 5-7 with the aim of using gadolinium(III) complexes as 
contrast agents for liver NMR imaging. However in general 31P-nmr 
studies on phytic acid and in particular its complexes with metals are 
rare. Different authors16-20 have obtained different spectra and 
given varying assignments to the resonances. 
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The 31P-nmr spectra of phytic acid has been reported to be highly 
sensitive to pH, 17,18,19 and since the addition of metal ions to a 
phytate solution would alter its pH it was necessary to adjust the pH 
of the solutions before mixing. 
Figures 2-15 to 2-23 shows the 31P-nmr spectra of phytate at pH 7 
alone and in the presence of Mg(II), Ca(II), Sr(II), Ba(II), Zn(II), 
Cd(II), Hg(II) and Al(III) cations respectively. Table 2-1 summarises 
the information gained from each spectrum. It can be seen from either 
table 2-1 or the spectra that all peaks in the metal phytate spectra 
are shifted upfield relative to the free phytate. Considering the 
lowest field peak on each spectrum the order of shift in hertz is 
A1(284)> Zn(303)> Ca(333)> Mg(336)> Cd(338)> Hg(353)> Sr(353)> Ba(354) 
compared to phytate(371). This trend is observed for all corresponding 
peaks in the of spectra. From these shifts, the binding potential of 
metal ions to phytate may be placed in the order: - 
Mg(II)- Ca(II)> Sr(II)- Ba(II) 
For Zn(II), Cd(II) and Hg(II) the order of preferential binding is: - 
Zn(II)> Cd(II)> Hg(II) 
with Al(III) having a greater interaction than all of the other metals. 
Combining the two series the order of preferential binding is: - 
A1(III)> Zn(II)> Mg(II)- Ca(II)- Cd(II)> Hg(II)- Sr(II)- Ba(II). 
This seems to contradict the results obtained in the calcium 
78a 
TABLE 2-1 
31P-nmr 
spectra data for soluble phytate complexes at pH7. 
SAMPLE PEAK FREQUENCY CHz) ppm 
Phytate 1 371.2 3.05 
2 273.4 2.25 
3 237.8 1.95 
Mg-Phytate 1 336.5 2.77 
2 218.6 1.79 
3 207.0 1.70 
4 183.7 1.51 
Ca-Phytate 1 333.6 2.7k 
2 221t. Ll 1.8LI 
3 195.0 1.60 
Sr-Phytate 1 353.6 2.91 
2 232.9 1.91 
3 216.3 1.78 
Ba-Phytata 1 3511.3 2.91 
2 235.5 1.9Li 
3 222.0 1.82 
Li 210.0 1.72 
Zn-Phytate 1 303.11 2.4S 
2 220.2 1.81 
3 1L19.0 1.22 
If 103.0 0. BLt 
Cd-Phytate 1 338.2 2.78 
2 23.7 2.00 
3 203.1 1.67 
Li 187.0 1.53 
Hg-Phytate 1 353.1 2.90 
2 235.6 1.93 
3 198.5 1.63 
A1-Phytate 1 28.5 2.68 
2 208.5 2.311 
3 13L1.9 1.11 
Ll 82.7 0.68 
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ion-selective electrode studies which suggest that of the metals 
studied the order of binding is: - 
Cd(II)> Ca(II)- Hg(II)> Al(III)- Mg(II). 
However the ion-selective study does not give information on the 
binding of metal ions to phytate but the effect of metal ions on the 
amount of calcium ions bound to phytate in a calcium phytate solution. 
A better comparison can be made by considering the stability 
constants for metal phosphate complexes and literature values for the 
equilibrium 
MHPO M2+ + HP0k2- 
are presented below21: - 
TABLE 2-1 
METAL 1o610K 
Mg(II) 1.7 
Ca(II) 1.5 
Sr(II) 1.2 
Zn(II) 2.4 
Cd(II) 2.68 
giving an order of preferential binding of: - 
Cd(II)> Zn(II)> Mg(II)> Ca(II)> Sr(II). 
which is similar with the exception of Cd(II) to the order obtained in 
our 31P-nmr studies for metal phytate complexes. 
The order of preferential binding may be rationalised on the basis 
89 
of the size and charge of the metal ions considered in the study, which 
are given in Table 2-222. 
TABLE 2-2 
METAL ION IONIC RADIUS A 
Mg(II) 0.78 
Ca(II) 1.06 
Sr(II) 1.27 
Ba(II) 1.43 
Zn(II) 0.69 
Cd(II) 1.03 
Hg(II) 0.93 
A1(III) 0.45 
i. e. The ionic radii of these cations increases in the order: - 
A1(III)< Zn(II)< Mg(II)< Hg(II)< Cd(II)< Ca(II)< Sr(II)< Ba(II). 
This order is identical to that for phytate binding as found from 
31P 
nmr studies with the exception of Hg(II). Aluminium(III)-phytate 
complexes are more stable than divalent metal phytate complexes 
probably because of its increased charge and its high affinity for 0 
donor atoms, being a class A ion. 
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CHAPTER 3. PREPARATION AND CHARARCTERISATION OF METAL 
PHYTATE COMPLEXES. 
93 
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3.1 INTRODUCTION 
The interaction of phytic acid with multivalent metal ions was 
discussed in the previous chapter. These interactions produce 
insoluble complexes and have implications regarding the bioavailability 
of metal ions and the nutritional consequences of phytic acid in the 
diet. In addition to knowledge concerning the solubilities of the 
complexes formed, information leading to an understanding of the 
composition and structures of the species produced would be of great 
interest. Indeed it is highly surprising that despite the wide 
interest in phytic acid that no such comprehensive study has been 
undertaken. 
Studies on the salts of phytic acid started early in this century 
with Anderson producing some amorphous calcium(II), magnesium(II), 
copper(II), barium(II) and silver complexes! -3. A crystalline mixed 
calcium(II)/sodium salt was obtained by Posternak4 by neutralising a 
calcium(II) phytate with sodium hydroxide. Fine needles were deposited 
in clusters which after drying at 100°C analysed for 
C6H6O24p6Ca2Na8.3H20. No structural studies were carried out on this 
material and in our experience the preparation does not seem to be 
repeatable. 
Hoff-Jorgensen5 carried out a detailed study on calcium(II) 
phytate systems. Calcium phytates were prepared at various pH values, 
the P: Ca ratio in the precipitates produced were measured. The P: Ca 
ratio was found to decrease as the pH of the medium increased. This 
trend would be expected because the ligand becomes less protonated with 
increasing pH giving it a higher complexing potential. Unfortunately a 
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full microanalysis of the products was not carried out thus the total 
elemental composition is unknown. 
Vohra et al. 6 carried out studies on metal phytate complexes by 
titrating metal ion solutions against solutions of sodium phytate, 
using Ca(II), Fe(III), Mn(II), Co(II), Cu(II), Ni(II) and Zn(II). In 
each case an inflection in the titration curve was obtained when five 
moles of a divalent metal ion had been added per mole of phytate. From 
the data at pH 7.4 it was deduced that sodium phytate forms complexes 
with metal ions in the following order of strength Cu(II)> Zn(II)> 
Ni(II)> Co(II)> Mn(II)> Fe(III)> Ca(II). Vohra et al. also noted the 
pH values where precipitation of metal phytate complexes occurred 
during these titrations. Thorough analyses of the precipitates were 
not performed. 
Byrd and Matrone7 have studied zinc(II)-calcium(II)-phytate 
interactions and the effect of calcium(II) on zinc(II) incorporation 
into phytate at pH 2.5 and pH 6 was investigated. In both cases at a 
large excess of zinc(II) to calcium(II), calcium(II) enhanced the 
incorporation of zinc(II) into phytate and at aprroximately equivalent 
Zn: Ca ratios, calcium(II) decreased zinc(II) incorporation into 
phytate. The results were based on zinc analysis and a full 
microanalysis on each complex produced was not carried out. 
Iron(III) phytates are better documented than other metal phytate 
complexes 8,9. Lipschitz et al. 8 prepared mono-iron(III) phytate 
whereas Ellis and Morris9 prepared a di-iron(III) phytate, although 
full microanalysis on either of these complexes is not reported, the 
P: Fe ratio being presented instead. Tetra-iron(III) phytate has been 
used in the past for phytate analysis although recently this method was 
shown to be unreliable. There is no apparent report on the 
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characterisation of tetra-iron(III) phytate. 
Evans and Pierce10 investigated the combination of phytic acid 
with Co(II), Mg(II), Mn(II), Cu(II) and Fe(III) at pH 6. They found 
contrary to previous reports that in all cases the products isolated 
were amorphous powders with no integral metal: phytate stoichiometric 
ratios. However we find the microanalysis for the cobalt complex is 
consistant with the formula C6H7p6024Co5.5'11H2O. Found: %C 6.15, %H 
2.49, %P 15.86, %Co 27.67; C6H7P6024Co5.5'11H2O requires %C 6.33, %H 
2.48, %P 15.98, %Co 27.67. Thier work emphasised the complex nature of 
the phytic acid system which is more likely to produce mixed polymeric 
salts and where simple salts are formed relatively rarely. 
Because of the sparse amount of information concerning solid 
phytate complexes, it seemed highly desirable to undertake a study 
investigating the precipitates produced by the interaction between 
phytate and multivalent metal ions in more detail. 
For each metal-phytate combination there are several sets of 
conditions worthy of investigation; metal: phytate ratios (if only 
integeral stoichiometries are considered) could range for divalent metal 
ions from 1: 1 to 6: 1, although semi-integral ratios should also be 
considered. In addition to the metal: phytate ratio, pH is also an 
important factor and its variation could produce different types of 
products. 
It was decided to study the effect of varying the metal: phytate 
ratio of the products isolated at a specific pH. Following the study 
on one metal salt, the effect of pH on the nature of the precipitate 
produced was studied. The products were analysed for C, H, N in the usual 
manner and for P and metal by either Inductively Coupled Plasma Source 
Mass Spectrometry (ICPS-MS) or AAS for metal and for P by a 
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spectrophotometric method after digestion of the analyte. 
3.2 PREPARATION OF COMPLEXES. 
Phytic acid was purchased from Aldrich as a 40% aqueous solution 
and was diluted accordingly. Doubly distilled deionised water was used 
throughout and all reagents used were AnalaR where possible. 
3.2.1 PREPARATION OF CALCIUM(II) PHYTATES AT pH 5. 
3.2.1.1 PREPARATION OF A CALCIUM(II) PHYTATE USING A Ca: PHYTATE RATIO 
OF 2: 1. 
An aqueous solution of calcium(II) chloride (0.15M, 10ml, 
1.5mMole) was added with stirring to an aqueous solution of phytic acid 
(0.015M, 50m1,0.75mMole). The resulting solution was adjusted to pH 5 
using NaOH (2M) and stirred for one hour. The white precipitate which 
formed was suction filtered, washed three times with water, three times 
with ethanol (96%), three times with diethyl ether and dried in a 
vacuum desiccator at room temperature. 
yield = 0.3740g 
Analysis Found: %C 8.23, %H 2.47, %P 19.78, %Ca 11.17, %Na 5.17, 
LH5Ca2.5Na2'5H20 requires %C 8.10, %H 2.36, %P 20.81, %Ca 11.25, %Na 
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5.17. (L = phytate anion) 
3.2.1.2 PREPARATION OF CALCIUM(II) PHYTATES USING Ca: PHYTATE RATIOS OF 
5: 1,7: 1, AND 10: 1. 
An aqueous solution of calcium(II) chloride (0.15M; , 
25,35 or 
50ml; 3.75,5.25 or 7.50mmol) was added with stirring to an aqueous 
solution of phytic acid (0.015M, 50m1,0.75mMole). The resulting 
solution was adjusted to pH 5 using NaOH (2M) and stirred for one hour. 
The white precipitate formed was suction filtered, washed three times 
with water, three times with ethanol (96%), three times with diethyl 
ether and dried in a vacuum desiccator at room temperature. 
Yield = 0.94 - 1.07g 
Analyses 
(a). Ca: phytate = 5: 1. Found; %C 7.99, %H 2.58, %P 21.35, %Ca 
11.10, %Na 4.79; LH5Ca2.5Na2'5H2O requires %C 8.10, %H 2.36, %P 20.81, 
%Ca 11.25, %Na 5.17. 
(b). Ca: phytate = 7: 1. Found; %C 9.08, %H 2.48, %P 23.44, %Ca 
12.60, %Na 0.29; LH7Ca2.5.3H20 requires %C 8.90, %H 2.35, %P 22.86, %Ca 
12.36. 
(c). Ca: phytate = 7: 1. Found; %C 8.37, %H 2.34, %P 20.88, %Ca 
11.72, %Na 2.93; LH6Ca2.5Na'1H2O requires %C 8.48, %H 2.36, %P 21.79, 
%Ca 11.78, %Na 2.71. 
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3.2.2 PREPARATION OF CALCIUM(II) PHYTATE COMPLEXES AT DIFFERENT pH 
VALUES. 
3.2.2.1 PREPARATION OF A CALCIUM(II) PHYTATE COMPLEX AT pH 3. 
An aqueous solution of calcium(II) chloride (0.15M, 50m1, 
7.5mMole) was added was added to an aqueous solution of phytic acid 
(0.015M, 50m1,0.75mmol) with stirring. The pH of the solution was 
adjusted to pH 3 using NaOH (2M) after which time the product was 
precipitated by the addition of ethanol (96%, 100ml). The precipitate 
was suction filtered, washed three times with water, three times with 
ethanol (96%) and three times with diethyl ether. The product was 
dried in a vacuum desiccator at room temperature. 
Yield = 1.0664g 
Analysis found: %C 9.07, %H 3.19, %P 22.14, %Ca 7.44; LH9Ca1.5.5H20 
requires %C 8.92 %H 3.12, %P 23.02, %Ca 7.44. 
3.2.2.2 PREPARATION OF A CALCIUM(II) PHYTATE COMPLEX AT PH 4. 
An aqueous solution of calcium(II) chloride (0.15M, 50m1, 
7.5mMole). was added to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole) with stirring. The pH of the solution was adjusted to 
pH 4 using NaOH (2M) after which the product was precipitated by the 
addition of methanol (100ml). The precipitate was suction filtered 
washed three times with water, three times with methanol and three 
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times with diethyl ether. The product was dried in a vacuum desiccator 
at room temperature. 
Yield = 1.17g, 
Analysis found: %C 7.49, %H 2.31, %P 16.24, %Ca 8.81, 
LH2Ca2.5Na5'9H2O"CH30H requires %C 7.80, %H 2.99, %P 17.25, %Ca 9.30. 
3.2.2.3 PREPARATION OF CALCIUM(II) PHYTATE COMPLEXES AT pH 5,6 AND 7. 
An aqueous solution of calcium(II) chloride (0.15M, 50ml, 
7.5mMole) was added to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole) with stirring. The pH of the solution was adjusted to 
the required value (5,6,7) using NaOH (2M). The white precipitate was 
stirred for one hour after which time it was suction filtered, washed 
three times with water, three times with ethanol (96%) and three times 
with diethyl ether. The product was dried in a vacuum desiccator at 
room temperature. 
Yield = 0.85 - 1.19g 
Analyses 
(a). pH 5 Product. Found: %C 8.37, %H 2.34, %P 20.88, %Ca, 
11.72, %Na 2.93; LH6Ca2.5Na'1H2O requires %C 8.48, %H 2.36, %P 21.79, 
%Ca 11.78, %Na 2.71. 
(b). pH 6 Product. Found: %C 6.65, %H 2.65, %P 16.35, %Ca 
10.26; LH2Ca3Na4.12-15H20 requires %C 6.68-6.63, %H 2.99-3.38, %P 
17.23-16.41, %Ca 11.15-10.61 (Lower limits are for 15H2O, upper limits 
are for 12H20). 
(c). pH 7 Product. Found: %C 6.64, %H 2.49, %P 14.66, %Ca 
11.29; LCa3.5Na5.16-17H20 requires %C 6.04-5.95, %H 3.21-3.33, %P 
106 
15.59-15.36, %Ca 11.77-11.59. 
3.2.3 PREPARATION OF CADMIUM(II) PHYTATE COMPLEXES AT DIFFERENT pH 
VALUES. 
3.2.3.1 PREPARATION OF CADMIUM(II) PHYTATE COMPLEXES AT pH 3,5 AND 7. 
An aqueous solution of cadmium(II) sulphate (0.15M, 50ml, 
7.5mMole) was added to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole) with stirring. The pH of the solution was adjusted to 
the required value (3,5 or 7) using NaOH (2M). The white precipitate 
was stirred for one hour after which time it was suction filtered, - 
washed three times with water, three times with ethanol (96%) and three 
times with diethyl ether. The product was dried in a vacuum 
desiccator. 
Yield = 0.72g - 1.60g 
Analysis 
(a). pH 3 Product. Found: %C 5.50, %H 1.55, %P 13.43, %Cd 
33.56; LH3Cd4Na'10-12H20, requires %C 5.53-5.37, %H 2.24-2.48, %P 
14.25-13.87, %Cd 34.48-33.55. 
(b). pH 5 Product. Found: %C 5.95, %H 0.66, %P 15.33, %Cd 
40.83; LH3Cd4.5.3-5H20 requires %C 5.95-5.77, %H 1.24-1.53, %P 
15.35-14.69, %Cd 41.77-39.98. 
(c). pH 7 Product. Found: %C 5.53, %H 1.59, %P 12.19, %Cd 
41.45; LHCd5.5.11-13H2O requires %C 4.91-4.80, %H 1.99-2.21, %P 
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12.68-12.38, %Cd 42.18-41.17. 
3.2.4 PREPARATION OF IRON(III) PHYTATE COMPLEXES. 
3.2.4.1 PREPARATION OF A MONO-IRON(III) PHYTATE COMPLEX. 
Iron(III) chloride hexahydrate (0.5g, 1.85mMole) in acetic acid 
(O. 14M, 250m1) was added dropwise to a solution of sodium phytate 
(5.53g, 6.44mMole) in aqueous ammonium acetate (1M, 250ml) and acetic 
acid (0.1M, 250ml) with stirring over a period of one hour. The 
resulting solution was allowed to stand for one hour. Ethanol (96%, 
750m1) was then added to the solution and the pale yellow precipitate 
formed was allowed to stand overnight in order to complete 
precipitation. The product was suction filtered, washed three times 
with ethanol (96%), three times with acetone and dried in a vacuum 
desiccator at room temperature. 
Yield = 1. u2g 
Analysis found: %C 7.45, %H 4.55, %P 19.70, %Fe 6.21, %N 6.89, 
LH4(NH4)5Fe'8-9H2O requires %C 7.64-7.50, %H 4.92-5.03, %P 19.72-19.35, 
%Fe 5.92-5.81, %N 7.46-7.32. 
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3.2.4.2 PREPARATION OF A DI-IRON(III) PHYTATE COMPLEX. 
An aqueous solution of sodium chloride (2M, 80m1,0.16mole) was 
added dropwise with stirring to a solution of monoiron(III)-phytate 
(0.5g, 0.615mMole) in acetic acid (0.2M, 80ml). The precipitate formed 
was stirred for one hour and then left to stand at room temperature 
overnight. The buff coloured product was suction filtered washed three 
times with water and three times with acetone. The product was dried 
in a vacuum desiccator at room temperature. 
Yield = 0.13g 
Analysis: %C 5.03, %H 2.94, %P 14.47, %Fe 8.34; LFe2Na6.20H2O 
requires %C 5.72, %H 3.68, %P 14.77, %Fe 8.87. 
3.2.4.3 PREPARATION OF A TETRA-IRON(III) PHYTATE COMPLEX. 
An aqueous solution of phytic acid (0.04M, 20m1,0.8mMole) was 
diluted to 33ml with HC1 (3.6%). An aqueous solution of iron(III) 
chloride (0.2M, 17ml, 34mMole) was then added to the acidified phytic 
acid solution, whereupon a pale yellow precipitate was immediatly 
formed. The resulting mixture was heated on a steam bath for 15 
minutes. The product was suction filtered, washed three times with 
water, three times with acetone and dried in a vacuum desiccator at 
room temperature. 
Yield = 0.54g 
Analysis found: %C 5.28, %H 3.45, %P 14.05, %Fe 18.84; LFe4.21H2O 
requires %C 5.76, %H 3.87, %P 14.87, %Fe 17.87. 
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3.2.5 PREPARATION OF IRON(II) PHYTATE COMPLEXES AT DIFFERENT pH VALUES. 
3.2.5.1 PREPARATION OF A IRON(II) PHYTATE COMPLEX AT PH 1.5. 
An aqueous solution of iron(II) sulphate (0.4M, 30ml, 12mMole) was 
added to an aqueous solution of phytic acid (0.04M, 30ml, 1.2mMole) 
with stirring. The resulting solution was adjusted to pH 1.5 using 
NaOH (2M) and stirred for one hour. Ethanol (96%, 60ml) was added to 
this solution to precipitate the white product. The product was 
suction filtered, washed three times with water, three times with 
ethanol (96%) , three times with diethyl ether and dried in a vacuum 
desiccator at room temperature. 
Yield = 0.31g 
Analysis found: %C 7.61, %H 2.80, %P 17.89, %Fe 9.46; LH6Fe1.5Na3'10H2O 
requires %C 7.30, %H 3.26, %P 18.83, %Fe 8.48. 
3.2.5.2 PREPARATION OF IRON(II) PHYTATE COMPLEXES AT pH 3 AND 5. 
An aqueous solution of iron(II) sulphate (0.4M, 30ml, 12mMole) was 
added to an aqueous solution of phytic acid (0.0ZIM, 30m1,1.2mMole) 
with stirring. The resulting solution was adjusted the to required value 
(3 or 5) using NaOH (2M) and stirred for one hour. The white 
precipitate was suction filtered, washed three time with water, three 
times with ethanol (96%), three times with diethyl ether and dried in a 
vacuum desiccator at room temperature. 
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Yield = 0.54g and 1.27g. 
Analyses 
(a). pH 3 Product. Found: %C 6.89, %H 3.48, %P 16.48, %Fe 
19.56; LH4Feu"12-15H2O requires %C 6.60-6.29, %H 3.13-3.51, %P 
17.02-16.22, %Fe 20.46-19.50. 
(b). pH 5 Product. Found: %C 5.25, %H 3.20, %P 12.56, %Fe 
16.29; LFe4Na4.21H2O requires %C 5.37, %H 3.60, %P 13.85, %Fe 16.65. 
3.2.6 PREPARATION OF MAGNESIUM(II) PHYTATE COMPLEXES AT VARIOUS pH 
VALUES. 
3.2.6.1 PREPARATION OF MAGNESIUM(II) PHYTATE AT pH 5,6 AND 7. 
An aqueous solution of magnesium(II) chloride (0.15M, 50m1, 
7.5mMole) was added to an aqueous of solution phytic acid (0.015M, 50m1, 
0.75mMole) with stirring. The resulting solution was adjusted to the 
required value (5,6 or 7) using NaOH (2M) and stirred for one hour. 
The white precipitate formed was suction filtered, washed three times 
with water, three times with ethanol (96%), three times with diethyl 
ether and dried in a vacuum desiccator at room temperature. 
Yields = 0.87g - 0.96g 
Analyses 
(a). pH 5 Product. Found: %C 6.38, %H 3.48, %P 18.04, %Mg 9.31; 
LH3Mg4Na'14-16H2O requires %C 7.04-6.80, %H 3.64-3.90, %P 18.15-17.50, 
%Mg 9.50-9.17. 
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(b). pH 6 Product. Found: %C 6.64, %H 3.52, %P 19.04, %Mg 9.86; 
LH4Mg4.14H2O requires %C 7.19, %H 3.82, % 18.56, %Mg 9.86. 
(c). pH 7 Product. Found: %C 7.21, %H 3.44, %P 15.67, %Mg 
10.98; LMg5Na2.15-17H20 requires %C 6.63-6.42, %H 3.34-3.59, %P 
17.11-16.56, %Mg 11.19-10.83. 
3.2.7 PREPARATION OF COPPER(II) PHYTATE COMPLEXES AT VARIOUS pH VALUES. 
3.2.7.1 PREPARATION OF A COPPER(II) PHYTATE AT pH 3, u, 5, AND 6. 
An aqueous solution of copper(II) chloride (0.15M, 50m1,7.5mMole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole). The resulting solution was adjusted to the required 
value (3,4,5 and 6) using NaOH (2M) and stirred for one hour. The 
blue precipitate formed was suction filtered, washed three times with 
water, three times with ethanol (96%), three times with diethyl ether 
and dried in a vacuum desiccator at room temperature. 
Yields = 0.378 - 1.218 
(a). pH 3 Product. Found: %C 6.15, %H 2.67, %P, 15.50, % 14.12; 
LHCu2.5Na6'12H2O requires %C 6.17, %H 2.67, %P 15.92, %Cu 14.04. 
(b). pH 4 Product. Found: %C 6.09, %H 2.23, %P 17.05, %CU 
16.12; LCu3Na6.1OH20 requires %C 6.23, %H 2.26, %P 16.06, %Cu 16.48. 
(c). pH 5 Product. Found: %C 5.13, %H 2.32, %P 9.86, %Cu 18.43; 
LCu3.5Na5.14H2O requires %C 5.82, %H 2.76, %P 15.01, %Cu 17.97. 
(d). pH 6 Product. Found: %C 5.03, %H 2.17, %P 10.11, %Cu 
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18.43. No formula could be found to match this data. 
3.2.8 PREPARATION OF ZINC(II) PHYTATE COMPLEXES AT VARIOUS pH VALUES. 
3.2.8.1 PREPARATION OF ZINC(II) PHYTATE COMPLEXES AT pH 3, u, 5,6 AND 
7. 
An aqueous solution of zinc(II) sulphate (0.15M, 50m1,7.5mfole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole). The resulting solution was adjusted to the required 
value (3, - 4,5,6 or 7) using NaOH (2M) and stirred for one hour. The 
white precipitate formed was suction filtered, washed three times with 
water, three times with ethanol (96%), three times with diethyl ether 
and dried in a vacuum desiccator at room temperature. 
Yields : 0.23g - 0.96g 
Analyses 
(a). pH 3 Product. Found: %C 6.10, %H 1.84, %P 17.38, %Zn 
13.49; LHZn2-5Na6'7H20 requires %C 6.69, %H 1.96, %P 17.26, %Zn 15.18. 
(b). pH 4 Product. Found: %C 6.72, %H 2.12, %P 16.73, %Zn 
12.875; LH2Zn2Na6'7H20 requires %C 6.89, %H 2.12, %P 17.78, %Zn 12.51. 
(c). pH 5 Product. Found: %C 4.96, %H 1.68, %P 12.90, %Zn 
12.82; No formula could be found to match this data. 
(d). pH 6 Product. Found: %C 5.50, %H 1.96, %P 11.63, %Zn 
14.64; No formula could be found to fit this data. 
(e). pH 7 Product. Found: %C 6.06, %H 1.93, %P 16.53. %Zn 
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22.05; LZn4Hau. 8H20 requires %C 6.29, %H 1.93, %P 16.22, %Zn 22.83. 
3.2.9 PREPARATION OF MANGANESE(II) PHYTATE COMPLEXES AT VARIOUS pH 
VALUES. 
3.2.9.1 PREPARATION OF A MANGANESE(II) PHYTATE AT pH 2. 
An aqueous solution of manganese(II) chloride (0.15M, 50ml, 
7.5mMole) was added with stirring to an aqueous solution of phytic acid 
(0.015M, 50m1,0.75mMole). The resulting solution was adjusted to pH 2 
using NaOH (2M) and stirred for one hour. Ethanol (96%, 100ml) was 
added to precipitate the pink product which was suction filtered, 
washed three times with water, three times with ethanol (96%), three 
times with diethyl ether and dried in a vacuum desiccator at room 
temperature. 
Yield = 0.14g 
Analysis found: %C 7.68, %H 3.18, %P 18.43, %Mn 21.90; LH ON "10H20 
requires %C 7.29, %H 3.06, %P 18.81, %Mn 22.24. 
114 
3.2.9.2 PREPARATION OF A MANGANESE(II) PHYTATE AT pH 3. 
An aqueous solution of manganese(II) chloride (0.15M, 50ml, 
7.5mMole) was added with stirring to an aqueous solution of phytic acid 
(0.015M, 50m1,0.75mMole). The resulting solution was adjusted to pH 3 
using NaOH (2M) and stirred for one hour. Ethanol (96%, 100ml) was 
added to precipitate the pink product which was suction filtered, 
washed three times with water, three times with ethanol (96%), three 
times with diethyl ether and dried in a vacuum desiccator at room 
temperature. 
Yield = 0.48g 
Analysis found: %C 6.69, %H 2.92, %P 15.97, %Mn 24.90; LH2Mn5'11H2O 
requires %C 6.41, %H 2.69, %P 16.55, %Mn 24.46. 
I 
3.2.9.3 PREPARATION OF MANGANESE(II) PHYTATE COMPLEXES AT pH 4,5 AND 
6. 
An aqueous solution of manganese(II) chloride (0.15M, 50ml, 
7.5mMole) was added with stirring to an aqueous solution of phytic acid 
(0.015M, 50m1,0.75mMole). The resulting solution was adjusted to the 
required value (4,5 or 6) using NaOH (2M) and stirred for one hour. 
The pink precipitate formed was suction filtered, washed three times 
with water, three times with ethanol (96%), three times with diethyl 
ether and dried in a vacuum desiccator at room temperature. 
Yields = 0.62g - 0.78g 
(a). pH 4 Product. Analysis found: %C 6.93, %H 3.20, %Mn 31.07. 
(b). pH 5 Product. Analysis found: %C 6.38, %H 3.07, %Mn 31.94. 
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(c). pH 6 Product. Analysis found: %C 6.15, %H 3.01, %Mn 32.43. 
No formulae could be fitted to the above analyses. 
3.2.10 PREPARATION OF NICKEL(II) PHYTATE COMPLEXES AT VARIOUS pH 
VALUES. 
3.2.10.1 PREPARATION OF A NICKEL(II) PHYTATE AT pH 3. 
An aqueous solution of nickel(II) chloride (0.15M, 50ml, 7.5mHole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50ml, 0.75mMole). The resulting solution was adjusted to pH 3 using 
NaOH (2M) and stirred for one hour. Ethanol (96%, 100ml) was added to 
the solution to precipitate the light green product which was suction 
filtered, washed three times with water, ' three times with ethanol 
(96%), three times with diethyl ether and dried in a vacuum desiccator 
at room temperature. 
Yield = 0.46g 
Analysis found: %C 6.78, %H 3.44, %P 15.73, %Ni 18.46; LH 5N'3.5' 14H 20 
requires %C 6.48, %H 3.54, %P 16.73, %Ni 18.49. 
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3.2.10.2 PREPARATION OF A NICKEL(II) PHYTATE COMPLEXES AT pH 4,5,6 
AND 7. 
An aqueous solution of nickel(II) chloride (0.15M, 50ml, 7.5mHole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50ml, 0.75mMole). The pH of the resulting solution was adjusted to the 
required value (4,5,6 or 7) using NaOH (2M) and stirred for one hour. 
The light green precipitate formed was suction filtered, washed three 
times with water, three times with ethanol (96%), three times with 
diethyl ether and dried in a vacuum desiccator at room temperature. 
Yields = 0.65g - 1.02g 
Analyses 
(a). pH 4 Product. Found: %C 5.83, %H 3.33, %P 14.98, %Ni 
21.33; LH3Ni4.5.16H2O requires %C 5.98, %H 3.43, %P 15.44, %Ni 21.95. 
(b). pH 5 Product. Found: %C 5.46, %H 3.46, %P 14.25, '%Ni 
21.685; LH2Ni5'19H20 requires %C 5.60, %H 3.60, %P 14.45, %Ni 22.80. 
(c). pH 6 Product. Found: %C 5.03, %H 3.33, %P 14.71, %Ni 
23.61; LHNi5.5'20H2O requires %C 5.41, %H 3.55, %P 13.95, Ni 24.23. 
(d). pH 7 Product. Found: %C 4.75, %H 3.11, %P 13.67, %Ni 
28.43. No formula could be fitted to this data. 
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3.2.11 PREPARATION OF COBALT(II) PHYTATE COMPLEXES A VARIOUS pH VALUES. 
3.2.11.1 PREPARATION OF A COBALT(II) PHYTATE AT pH 3. 
An aqueous solution of cobalt(II) chloride (0.15M, 50ml, 7.5mMole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50m1,0.75mMole). The resulting solution was adjusted to pH 3 using 
NaOH (2M) and stirred for one hour. Ethanol (96%, 100mi) was added to 
precipitate the lilac product which was suction filtered, washed three 
times with water, three times with ethanol (96%), three times with 
diethyl ether and dried in a vacuum desiccator at room temperature. 
yield = 0.238 
Analysis found: %C 6.79, %H 2.95, %P 17.81, %Co 20.89; LH5Co3.5'10H2O 
requires %C 6.93, %H 3.00, %P 17.88, %Co 19: 81. 
3.2.11.2 PREPARATION OF A COBALT(II) PHYTATE AT pH 4,5,6, AND 7. 
An aqueous solution of cobalt(II) chloride (0.15M, 50ml, 7.5mMole) 
was added with stirring to an aqueous solution of phytic acid (0.015M, 
50ml, 0.75mMole). The pH of the resulting solution was adjusted to the 
required value (4,5,6, or 7) and stirred for one hour. The lilac 
precipitate formed was suction filtered, washed three times with water, 
three times with ethanol (96%), three times with diethyl ether and 
dried in a vacuum desiccator at room temperature. 
Yields = 0.318 - 1.02g 
118 
(a). pH 4 Product. Found: %C 5.32, %H 2.49, %P 16.01, %Co 
20.765; LH3Co4.5'12H2O requires %C 6.36, %H 2.93, %P 16.41, %Co 23.42. 
(b). pH 5 Product. Found: %C 6.17, %H 2.81, %P 16.54, %Co 
23.93; LH3Co4.5'12H2O requires %C 6.36, %H 2.93, %P 16.41, %Co 23.42. 
(c). pH 6 Product. Found: %C 5.25, %H 2.76, %P 16.24, %Co 
27.535. No formula could be fitted to this data. 
(d). pH 7 Product. Found: %C 4.38, %H 2.32, %P 14.76, %Co 
28.92. No formula could be fitted to this data. 
3.2.12 PREPARATION OF CHROMIUM(III) PHYTATE COMPLEXES AT VARIOUS pH 
VALUES. 
3.2.12.1 PREPARATION OF CHROMIUM(III) PHYTATE COMPLEXES AT pH 4 AND 5. 
An aqueous solution of chromium(III) chloride (0.15M, 50m1, 
7.5mMole) was added with stirring to an aqueous solution of phytic acid 
(0.015M, 50ml, 0.75mMole). The pH of the resulting solution was 
adjusted to the required value (4 or 5) using NaOH (2M) and stirred for 
one hour. The green precipitate formed was suction filtered, washed 
three times with water, three times with ethanol (96%), three times 
with diethyl ether and dried in a vacuum desiccator at room 
temperature. 
Yield = 1.23g and 1.31g 
(a). pH 4 Product. Analysis found: %C 4.23, %H 3.44, %Cr 28.51. 
(b). pH 5 Product. Analysis found: %C 4.50, %H 3.77, %Cr 29.00. 
No formulae could be fitted to the above data. 
119 
3.2.13 PREPARATION OF LEAD(II) PHYTATE COMPLEXES AT VARIOUS pH VALUES. 
3.2.13.1 PREPARATION OF LEAD(II) PHYTATE COMPLEXES AT pH 3,4,5,6 AND 
7. 
An aqueous solution of lead(II) acetate (0.1M, 10ml, 1mMole) was 
added with stirring to an aqueous solution of phytic acid (0.01M, 
10ml, 0. lmMole). The pH of the resulting solution was adjusted to the 
required value using NaOH (2M) and stirred for one hour. The white 
precipitate formed was suction filtered, washed three times with water, 
three times with ethanol (96%), three times with diethyl ether and 
dried in a vacuum desiccator at room temperature. 
Yields = 1.13g - 1.30g 
Analyses 
(a). pH 3 Product. Found: %C 5.13, %H 1.05, %P 14.01, %Pb 
49.95; LH5pb3.5'H20 requires %C 5.16, %H 0.93, %P 13.25, %Pb 51.90. 
(b). pH 4 Product. Found: %C 5.42, %H 1.19, %P 14.20, %Pb 
47.01; LH6pb3'2H20 requires %C 5.49, %H 1.22, %P 14.11, %Pb 47.37. 
(c). pH 5 Product. Found: %C 5.24, %H 1.01, %P 14.06, %Pb 
47.26; LH5pb3Na'H20 requires %C 5.40, %H 1.13, %P 13.87, %Pb 46.49. 
(d). pH 6 Product. Found: %C 5.42, %H 1.05, %P 14.00, %Pb 
39.43; LH6pb2.5Na'H20 requires %C 5.57, %H 1.08, %P 14.30, %Pb 40.02. 
(e). pH 7 Product. Found: %C 5.89, %H 1.07, %P 14.21, %Pb 
41.10; LH5pb2.5Na2'H20 requires %C 5.83, %H 1.05, %P 14.97, %Pb 41.90. 
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3.3 INSTRUMENTATION. 
The reflectance spectra of the copper(II), iron(III), iron(II), 
chromium(III), manganese(II), cobalt(II) and nickel(II) phytate 
complexes described above were recorded in the regions 350nm-850nm and 
800nm-2Z00nm on a Beckmann ACTA MIV spectrophotometer referenced with 
white barium sulphate. Quartz windows were used throughout. The Amax 
values are given in Table 3-1. 
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TABLE 3-1 UV/VIS SPECTROPHOTOMETRIC DATA FOR METAL PHYTATES 
METAL PHYTATE Amax/nm 
Copper phytate pH3 850' 
Copper phytate pH4 850 
Copper phytate pH5 850 
Copper phytate pH6 850 
Mono-iron(III) phytate 375 
Di-iron(III) phytate 370 
Tetra-iron(III) phytate 380 
Chromium(III) phytate pH4 420 595 
Chromium(III) phytate pH5 425 600 
Manganese phytate pH2 315 490 
Manganese phytate pH3 315 490 
Manganese phytate pH4 315 490 
Manganese phytate pH5 315 485 
Manganese phytate pH6 320 470 
Cobalt phytate pH3 560 
Cobalt phytate pH4 575 
Cobalt phytate pH5 575 
Cobalt phytate pH6 580 
Cobalt phytate pH7 580 
Nickel phytate pH3 405 740 
Nickel phytate pH4 405 750 
Nickel phytate pH5 405 750 
Nickel phytate pH6 405 750 
Nickel phytate pH7 405 750 
1240 
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3.4 MOSSBAUER STUDIES ON IRON(III) PHYTATES PREPARED. 
Solid mono-, di- and tetra-iron(III) phytates were distributed as 
well powdered samples in a 1mm thick hole in 10mm diameter aluminium 
discs, the sample being held in place by wrapping the disc in 
sellotape. The samples contained approximately 35mg of iron 
(approximately 1mg of 57Fe). Spectra were taken at room temperature or 
77K using a Harwell spectrometer. The source was cobalt-57 (5mCi) in 
rhodium (Radiochemical Centre, Amersham). The spectrometer was 
operated in a 'saw tooth' mode and the spectra computer fitted. The 
spectrometer was calibrated with a 25um thick natural iron reference 
absorber. All chemical shifts are referred to this as zero shift. The 
spectra produced are presented in figures 3-1 to 3-5 below. 
3.5 DISCUSSION 
Complex formation between the metal ions Ca(II), Cd(II), Fe(II), 
Fe(III), Mg(II), Cu(II), Zn(II), Mn(II), Ni(II) Co(II), Cr(III) and 
Pb(II) and phytic acid has been investigated as a function of pH and 
varying metal ion to ligand ratios. A total of 51 complexes have been 
isolated, analysed and attempts have been made to fit formulae to the 
analytical data. The general trend for the divalent metal-phytate 
complexes is that as the pH of the reaction medium increases, the metal 
content of the complexes also increases e. g. in the pH range 3-7 the 
calcium(II) content of the calcium(II)-phytate complexes increases from 
1.5 to 3.5 per phytate unit. This would be expected because the acid 
becomes deprotonated at higher pH values giving the ligand more 
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~i`"" 3-1. Nossbauer spectrum of mono-iron(III)-phytate 
at 77K. 
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Fig. 3-2. Mossbauer spectrum of mono-iron(III)-phytate 
at room temperature. 
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Fig. 3-3. Mossbauer spectrum of di-iron(III)-phytate 
at 77K. 
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Fig. 3-4. Mossbauer spectrum of tetra-iron(III)-phytate 
at 77K. 
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Fig. 3-5 Mossbauer opectrum of tetra-iron(III)-phytate 
at roo;.. temperature. 
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chelating potential and increasing the number of metal ions complexed 
by each ligand ion. The complexes are also heavily solvated although 
in most cases it is not possible on the basis of the analytical data to 
determine precisely how many solvent molecules are bound to the 
complex. This is because most of the complexes have relative molecular 
masses of over 1000, and the addition of one water molecule, for 
example will not change the elemental percentage of any element present 
significantly. 
Very little information can be obtained from the infra-red spectra 
of the metal phytate complexes, since the bands in the spectra are all 
very broad. However from the microanalysis results alone it is clear 
that several types of metal phytate complexes have been isolated. Some 
of these have integral number of metal ions per phytate unit, while 
others have fractional numbers. Even though the analytical results 
"fit" particular formula this in itself does not demonstrate that in 
all cases single substances have been isolated. 
A variety of structures are possible for the metal phytate 
complexes. The phosphate groups may chelate as in structure (I) to 
give four-membered ring complexes. This type of coordination could 
lead to complexes having between 1 and 6 metal ions per phytate unit. 
A number of precedents exist for this type of coordination e. g. the 
complex [Co(en)2po ) (en = ethylenediamine), (II), for which an x-ray 
crystal structure has been determined", contains a strained 
four-membered ring. 
129 
o o- 
(POnosito1 -O-Pý 
ýýMn 
(I) 
However a number of other structures are possible. Two phosphate 
groups per phytate unit may chelate one metal ion as in (III) although 
it seems unlikely in view of the fact that the resulting chelate is a 
nine-membered ring. Alternatively phosphate groups from different 
phytate units may complex to the one cation (IV) and this could result 
in a polymeric structure. Finally the phosphate group may act as a 
bridge between two metal ions as in M. This type of coordination 
occurs in the complex meso-[Co 2(en)4(03POC6H5)]2' 
12(VI), which 
contains phosphate bridging groups between the cobalt(III) ions. 
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3.5.1 PROPOSED COMPLEX STRUCTURES. 
The proposed structures for the complexes are given below with 
reference to the above structure types. 
3.5.1.1 LH9Ca1.5.5H20. 
A possible structure for this complex is one in which two calcium 
ions are bound to two phytate ligands as in (I), with a further calcium 
ion bonded between the phytate ligands as in (IV). The uncomplexed 
phosphates are protonated and water molecules are either coordinated to 
the metal ion or held by hydrogen bonding in the lattice. 
Suggested formula: L2H18Ca3.10H20. 
3.5.1.2 LH2Ca2.5Na5*9H2O"CH30H. 
In this structure two calcium ions are bonded to each of two 
phytate ligands as in (I) and a further calcium ion is bonded between 
the phytate ligands as in (IV). The uncomplexed phosphates are either 
protonated or present as sodium salts, and the water and methanol 
molecules are either coordinated to the metal ions or held by hydrogen 
bonding in the lattice. 
Suggested formula: L2H4Ca5Na10'18H2O. 2CH3OH 
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3.5.1.3 LH2Oa3Na4.12-15H2O. 
In this structure three calcium ions are bonded to a phytate as in 
(I) with the uncomplexed phosphate groups either protonated or present 
as sodium salts. Water molecules are either coordinated to the metal 
ions or'held by hydrogen bonding in the lattice. 
3.5.1.4 LCa3.5Na5.16-17H20. 
In this structure three Calcium ions are bonded to each of two 
phytate ligands as in (I) and a further calcium ion bonded between the 
phytate ligands as in (IV). The uncomplexed phosphate groups are 
present as sodium salts and water molecules are either coordinated to 
the metal ions or held by hydrogen bonding in the lattice. 
Suggested formula: L2Ca7Na10'32-31H2O. 
3.5.1.5 LH3Cd4Na'10-12H20. 
This structure contains four cadmium ions bonded to phytate as in 
(I). The uncomplexed phosphates are either protonated or present as a 
sodium salt. Water molecules are either coordinated to the metal ions 
or held by hydrogen bonding in the lattice. 
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3.5.1.6 LH3Cdu. 
5.3_5H2O. 
In this structure four cadmium ions are bonded to each of two 
phytate ligands as in (I), with a further cadmium ion bonded between 
the phytate ligands as in (IV). The uncomplexed phosphate groups are 
protonated and water molecules are either coordinated to the metal ions 
or held by hydrogen bonding in the lattice. 
Suggested formula: L2H6Cd9.6-10H200 
3.5.1.7 LHCd5.5.11-13H20. 
In this structre five cadmium ions are bonded to each of two 
phytate ligands as in (I), and a further cadmium ion is bonded between 
the phytate ligands as in (IV). The remaining complexing sites are 
protonated on both phytate ligands and water molecules are either 
coordinated to metal ions or held by hydrogen bonding in the lattice. 
Suggested formula: L2H2Cd11'22-26H2O. 
3.5.1.8 LH 4(NH4)5Fe'8-9H2O. 
A number of structures may be written to agree with the 
microanalysis data. 
(i) The iron(III) ion is bonded to phytate as in (I) and the other 
phosphate groups bar one are protonated or present as ammonium salts. 
This structure is zwitterionic. 
(ii) The iron(III) ion is bonded to phytate by a combination of 
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(I) and (III). 
(iii) The iron(III) ion is bonded to phytate as in (I) and a 
hydroxy ligand is also coordinated to the metal ion; this structure is 
formulated as LH 4(NH4)5Fe*7-8H 20(OH) 
In all the structures water molecules are either coordinated to 
the metal ion or held by hydrogen bonding in the lattice. 
3.5.1.9 LFe2Na6.20H2O. 
The possible structures of this complex are as follows: 
(i) The iron(III) ions are bonded to phosphate groups of the 
phytate as in (I) and the uncomplexed phosphates are present as sodium 
salts. This gives a zwitterionic structure. 
(ii) The iron(III) ions are bonded by a combination of (I) and 
(III) and the uncomplexed phosphate groups are present as sodium salts. 
(iii) The iron(III) ions are bonded to phytate as in (I) with 
hydroxy ligands also coordinated to the metal ion. The formula in this 
case is LH 2Fe2Na6* 18H 20(OH)20 
In all the structures water molecules are either coordinated to 
the metal ions or held by hydrogen bonding in the lattice. 
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3.5.1.10 LFeü"21H2O. 
The possible structures for this complex are as follows: 
(i) The iron(III) ions are bonded to phosphate groups as in 
structure (III). 
(ii) The iron(III) ions are bonded to four phosphate groups of 
phytate as in (I) with hydroxide ions also coordinated to the metal 
ion. The formula in this case is LH4Fe4'17H2O(OH)ü. 
In (i) and (ii) the water molecules are either coordinated to the 
metal ions or held by hydrogen bonding in the lattice. 
3.5.1.11 LH6Fe1.5Na3'10H20. 
In the proposed stucture of this complex two iron(II) ions are 
bonded to two phytate ligands as in (I)r with a further iron(II) ion 
bonded between the phytate ligands as in (III). The uncomplexed 
phosphate groups are either protonated or present as sodium salts and 
water molecules either coordinated to the metal ions or held by 
hydrogen bonding in the lattice. 
Suggested formula: L2H12Fe3Na6'20H2O, 
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3.5.1.12 LH4Fe4"12-15H2O AND LFe4Na4.21H2O. 
In these structures four iron(II) ions are bonded to a phytate 
ligand as in (I) with uncomplexed phosphate groups either protonated or 
present as sodium salts. Water molecules are either coordinated to the 
metal ions or held by hydrogen bonding in the lattice. 
3.5.1.13 LH3Mg4Na'14-16H2O AND LH4Mg4'14H2O. 
In these structures there are four magnesium ions bonded to a 
phytate ligand as in (I) with uncomplexed phosphate groups either 
protonated or present as sodium salts. Water molecules are either 
coordinated to the metal ions or held by hydrogen bonding in the 
lattice. 
3.5.1.14 LMg5Na2815-17H20. 
The proposed structure of this complex contains five magnesium 
ions bonded to a phytate ligand as in (I) with the uncomplexed 
phosphate groups present as the sodium salt. Water molecules are 
either coordinated to the metal ions or held by hydrogen bonding in the 
lattice. 
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3.5.1.15 LHCu2.5Na6'12H2O. 
The proposed structure for this complex contains two copper ions 
bonded to each of two phytate ligands as in (I), and a further copper 
ion bonded between two phytate ligands as in (III). The uncomplexed 
phosphate groups are either protonated or present as sodium salts and 
water molecules either coordinated to the metal ions or held by 
hydrogen bonding in the lattice. The suggested formula is therefore 
L2H2Cu5Na12'24H20. 
3.5.1.16 LCu3Na6.10H20, 
In this structure there are three copper ions bonded to a phytate 
ligand as in (I) with uncomplexed phosphate groups present as sodium 
salts. Water molecules are either coordinated to the metal ions or 
held by hydrogen bonding in the lattice. 
3.5.1.17 LCu3.5Na5.14H2O 
In this structure there are three copper ions bonded to each of 
two phytate ligands as in (I), with a further copper ion bonded between 
the phytate ligands as in (III). The uncomplexed phosphate groups are 
present as sodium salts and water molecules are either coordinated to 
the metal ions or held by hydrogen bonding in the lattice. The 
suggested formula is L2Cu7Na10'28H2p. 
139 
3.5.1.18 COPPER COMPLEX ISOLATED AT pH 7. 
No formula could be fitted to the analytical data. 
3.5.1.19 LHZn2.5Na6'7H2O. 
In this complex there are two zinc ions bonded to each of two 
phytate ligands as in (I), and a further zinc ion bonded between the 
phytate ligands as in (III). The uncomplexed phosphate groups are 
either protonated or present as sodium salts. The water molecules are 
either coordinated to the metal ions or held by hydrogen bonding in the 
lattice. The suggested formula is L2H2Zn5Na12'14H2O. 
3.5.1.20 LH2Zn2Na5 7H2O. 
In this structure there are two zinc ions bonded to a phytate 
ligand as in (I) with the uncomplexed phosphate groups either 
protonated or present as sodium salts. The water molecules are either 
coordinated or held by hydrogen bonding in the lattice. 
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3.5.1.21 ZINC COMPLEXES ISOLATED AT PH 5 AND 6. 
No formula could be fitted to the analytical data in these cases. 
3.5.1.22 LZn4Na4.8H20. 
In this structure there are four zinc ions bonded to a phytate 
ligand as in (I) with the uncomplexed phosphate groups present as 
sodium salts. Water molecules are either coordinated to the metal ions 
or held by hydrogen bonding in the lattice. 
3.5.1.23 LH4Mn4.10H2O, 
In this complex there are four manganese(II) ions bonded to a 
phytate ligand as in (I) with the uncomplexed phosphate groups 
protorated. Water molecules are either coordinated or held by hydrogen 
bonding in the lattice. 
3.5.1.24 LHSNij. S'14H20, LH3Ni4o5.16H2O, LHNi5.5.20H2O. 
In these structures there are three, four or five nickel ions 
bonded to each of two phytate ligands as in (I), with a further nickel 
ion bonded between the phytate ligands as in (III). The uncomplexed 
phosphate groups are protonated and water molecules are either 
coordinated or held by hydrogen bonding in the lattice. The formulae 
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of these complexes may therefore be represented as L2H1ONi7'28H2p, 
L2H6Ni9'32H20 and L2H2Ni11'4OH2O respectively. 
3.5.1.25 LH2Ni5.19H20 
In this structure there are five nickel ions bonded to a phytate 
ligand as in (I) with the remaining phosphate group protonated. Water 
molecules are either coordinated to the metal ions or held by hydrogen 
bonding in the lattice. 
3.5.1.26 NICKEL COMPLEX ISOLATED AT pH 7. 
No formula could be fitted to the analytical data for this 
complex. 
3.5.1.27 LH5Co3.5'10H20 AND LH3Co4.5'12H2O. 
In these structures there are three or four cobalt ions bonded to 
each of two phytate ligands as in (I), and a further cobalt ion bonded 
between the phytate ligands as in (III). The uncomplexed phosphate 
groups are protonated and water molecules are either coordinated to the 
metal ions or held by hydrogen bonding in the lattice. The suggested 
formulae of these complexes are L2H1OCo7.20H2O and L2H6Co9'24H2O 
respectively. 
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3.5.1.28 COBALT COMPLEXES ISOLATED AT pH 6 AND pH 7. 
No formulae could be fitted to the analytical data for these 
complexes. 
3.5.1.29 LH5Pb3.5'H2O. 
In this structure there are three lead ions bonded to each of two 
phytate ligands as in (I), and a further lead ion bonded between the 
phytate ligands as in (III). The uncomplexed phosphate groups are 
protonated with water molecules either coordinated to the metal ions or 
held by hydrogen bonding in the lattice. The suggested formula is 
L2H1OPb7'2H2O. 
3.5.1.30 LH6pb3.2H2O AND LH5Pb3Na'H2O. 
In these structures there are three lead ions bonded to a phytate 
ligand as in (I) and the uncomplexed phosphate groups are either 
protonated or present as sodium salts. Water molecules are either 
coordinated to the metal ions or held by hydrogen bonding in the 
lattice. 
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3.5.1.31 LH6pb2.5Na'H20 and LH5pb2.5Na2'H20. 
In these structures there are two lead ions bonded to each of two 
phytate ligands as in (I), with a further lead ion bonded between the 
phytate ligands as in (III). The uncomplexed phosphate groups are 
either protonated or present as the sodium salts. Water molecules are 
either coordinated to the metal ions or held by hydrogen bonding in the 
lattice. The suggested formula is 
L2H12Pb5Na2'2H20. 
3.5.2 STRUCTURAL INFORMATION INFERRED FROM REFLECTANCE DATA. 13 
In general metal phytate complexes containing the same metal ion 
have very similar reflectance spectra. The spectra and their 
structural implications are discussed for each metal below. 
3.5.2.1 CHROMIUM(III) PHYTATES 
The chromium(III) phytate complexes show absorption maxima at 420nm 
and 600nm. These positions are characteristic of octahedral d3, 
chromium(III) complexes with ligands complexing through oxygen atoms, 
an example being the hexa-aquo, [Cr(H20)6]3* complex which has 
absorptions at 270nm, -405nm and -575nm. These are the spin allowed 
transitions kA2g _> 
4T1gp 4A 
2g _> 
4T1g(g), 
and 
4A2g 
_> 
2T2g(p). Since 
of the thousands of chromium(III) complexes known nearly all are 
hexacoordinate it is highly likely that, although no formula can be 
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fitted to the analytical data, the chromium ions in the complex are 
bonded to the oxygen atoms of the phosphate groups of the ligand and 
further coordinated to water molecules or hydroxide ions. 
3.5.2.2 MANGANESE(II) PHYTATES. 
Two absorptions are observed in the electronic spectra of the 
manganese(II) phytates (Al -315nm, A2 -490nm). These absorptions are 
charateristic of octahedral manganese(II) complexes containing ligands 
with oxygen donor atoms. The absorptions are also characteristically 
weak resulting from the electron- configuration of high spin 
manganese(II) for which the d-d electronic transitions are both 
spin-forbidden as well parity-forbidden. 
3.5.2.3 IRON(II) PHYTATES. 
No d-d transition was observed in the reflectance of the iron(II) 
phytates prepared. A spin-allowed transition is sometimes observed for 
high-spin, d6 iron(II) complexes (5T2g -> 
5eg) 
centred near 1000nm. 
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3.5.2.4 IRON(III) PHYTATES. 
An absorption is observed at -375nm for the iron(III) phytates 
however this does not give much structural information on the complexes 
prepared. High-spin d5 complexes (see Mn(II) above) of iron(III) 
frequently13 show only charge transfer bands in the electronic 
spectrum. 
3.5.2.5 COBALT(II)PHYTATES. 
An absorption is observed near 550nm with a shoulder at 
575nm for the cobalt(II) phytate complexes prepared which is 
characteristic of a high spin cobalt(II) ion complexed to a ligand 
coordinating through oxygen atoms (the hexa-aqua complex has an 
absorption at -550nm). For the high-spin d7 configuration in 
octahedral complexes 2 spin-allowed transitions (4T1g _> 
4T2g 
and 
4T1g 
-> 
4T1g(P) ) are usually observed (515nm and 1230nm for [Co(H20)6J2+) 
with the third (4T 1g -> 
4A2g) 
weak near 625nm13. In our spectrum 
there appeared to be a peak near 1300nm but this was masked by strong 
overtones and conformations from the I. R. region. The structures 
discussed above would therefore seem reasonable. 
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3.5.2.6 NICKEL PHYTATES. 
The electronic spectra of the nickel(II) phytate complexes show 
three absorptions with maxima at -405nm, -750nm and -1240nm. This is 
characteristic of octahedral nickel(II) coordinated to ligands with 
oxygen donor atoms e. g. the absorption maxima for [Ni(H 20)6 32* are at 
-400nm, -715nm and -1100nm. These may be 
assigned13 to the spin-allowed 3A2g _> 
3T1g(p), 3A2g 
_> 
3T1g, 
3A2g 
-> 
3T2g 
respectively. The possible 
structures of these complexes is therefore probably similar to those 
proposed for the cobalt complexes. 
3.5.2.7 COPPER PHYTATES. 
The copper phytate complexes show an absorption at -850nm. This 
follows the trend observed in the metal phytates discussed above 
because this is typical of an octahedral complex with ligands 
coordinated through oxygen atoms e. g. the absorption for [Cu(H20)6]2+ 
is observed at -800nm for the d9 copper(II) ion. 
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3.5.3 STRUCTURAL INFORMATION INFERRED FROM MOSSBAUER STUDIES. 
The Mossbauer spectra of monoiron(III) phytate and diiron(III) 
phytate have been recorded previously at 80K by May et a114 in 
relation to deducing the chemical identity of iron in wheat. The 
results of the study are given in table 3-2. 
TABLE 3-2 
mm/sec 
SAMPLE ISOMER SHIFT QUADRUPOLE SPLITTING 
Monoiron(III) phytate 
Diiron(III) phytate 
0.77 
0.76 
0.55 
0.60 
The values obtained are in mm/sec relative to sodium 
nitroprusside, and a correction factor of -0.257mm/sec would need to be 
made to the isomer shift to give values relative to natural iron15. 
From the values obtained it is concluded that the iron(III) ion is 
high-spin in the complexes with a possibility the there are multiple 
binding sites for the metal in the ligand. 
The results obtained in our work are presented in Table 3-3. 
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TABLE 3-3 
SAMPLE T/K ISOMER SHIFT 
mm/sec 
LINE WIDTH QUADRUPOLE SPLITTING 
mm/sec mm/sec 
Mono-iron(III) 
phytate 77 0.453 0.1552 0.582 
mono-iron(III) 
phytate 298 0.409 0.2533 0.556 
Di-iron(III) 
phytate 77 0.492 0.2467 0.427 
tetra-iron(III) 
phytate 77 0.492 0.1552 0.427 
Tetra-(III) 
phytate 298 0.430 0.2200 0.486 
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The values obtained for isomer shifts are all characteristic of 
high spin iron(III) compounds. The linewidths are larger than expected 
indicating that there is probably more than one binding site on the 
phytate ligand. This may be rationalised by considering the possible 
structures of the iron(III) phytates; (i) The iron(III) ion may bind 
to a phytate ligand through one of the five equatorial phosphate groups 
or throgh the axial phosphate. Alternatively the metal ion may bridge 
two phosphate groups as in structure (III), these phosphate groups may 
be both equatorial or one equatorial and one axial. All of these 
factors could influence the linewidth. The spectra observed are 
therefore likely to be an averaged spectra produced as a result of each 
sample containing a mixture of isomers of the iron(III) phytate. This 
may be extended to all metal phytate complexes. The products obtained 
in all preparations are probably a mixture of complexes with a bulk 
formula equivalent to that given. 
3.6 CONCLUSIONS. 
A large number of metal phytate complexes have been prepared, some 
containing the same metal cation but carried out under different 
conditions of pH or metal to ligand ratios. The complexes have been 
microanalysed and satisfactory formulae have been fitted to the 
microanylytical data. Possible structures have been proposed taking 
into account the various coordination modes of the phytate ligand. 
Because of the complex nature of these systems and the insolubility of 
the complexes in common solvents, the normal spectrophotometric 
techniques could not be applied successfully in their structural 
150 
elucidation. There is clearly a need for X-ray diffraction studies of 
these complexes, however attemps to grow crystals were 
unsuccessful. 
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CHAPTER u THE DETERMINATION OF THE DISSOCIATION 
CONSTANTS OF PHYTIC ACID. 
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4.1 INTRODUCTION 
The structure of phytic acid has been the subject of much 
controversy in the past''2 and this originated from the proposals 
made by Neuberg3 and Anderson4. As mentioned previously X-ray 
crystallographic5'6 and 31P-NMR studies7'8 have confirmed the 
Anderson structure (Fig. 4-1). This structure allows for twelve 
ionizable protons per phytate molecule in contrast to the Neuberg 
structure which allows for eighteen ionizable protons and this has been 
confirmed by potentiometric titration9'10. 
OPO3H2 OPO3H2 
6F 
H203P0 
o P03H2 
ý3 
14 
OP03H2 
Fig 4-1 
Once the structure of phytic acid had been elucidated, the problem 
of determining the pKa values of the ionizable protons seemed to be a 
desirable and logical step in order to gain more information on the 
forms of the molecule which exist in solution as a function of pH. 
Knowledge of the pKa values of phytic acid, especially at conditions 
present in the digestive tract, would give information on the various 
forms of the acid present in the gut. 
Hoff-Jorgensenll, Maddaiah et al. 9 and Vohra et al. 
10 
observed that the titration curve of phytic acid has two inflexions 
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although the exact shape of the curve is dependent on the ionic 
strength of the solution being titrated. Because of this the 
determination of pKa values from the titration curve is a difficult 
task. In the case of phytic acid (or other polybasic acids) if the pKa 
values of two or more ionizable protons are within approximately 3 
units of each other then the values must be treated together and cannot 
be considered in isolation. Considering the twelve dissociations of 
phytic acid this problem is taken to an extreme. Hence the 
determination of any of the pKa values of phytic acid is a great deal 
more involved than for example determining the pKa's of orthophosphoric 
acid, the dissociation constants of which are well separated. 
Despite the difficulty, both in theory and practice, in obtaining 
the dissociation constants of phytic acid with a high degree of 
confidence, several studies have been carried out in the past tackling 
this problem 8,11-15. Each of these studies is reviewed below, 
although one must first consider the factors influencing dissociation 
constants. 
4.1.1 THE EFFECT OF TEMPERATURE ON pKa VALUES. 
Temperature can have a marked effect on a pKa value, for example 
the buffer tris(hydroxymethyl)aminomethane H2NC(CH2OH)3 has a pKa of 
8.85 at 0°C, 8.06 at 25°C and 7.72 at 37°C16. Thus the pKa value of 
this compound has changed by over 1 unit for a change in temperature of 
37°C. 
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4.1.2 THE EFFECT OF IONIC STRENGTH ON pKA VALUE. 
The pKa value of an acid may vary markedly with the ionic strength 
of the solution (i. e. supporting electrolyte). For example the pKa 
values of phosphoric acid vary according to ionic strength as 
follows17: - 
I pKal pKa2 pKa3 
0 2.148+0.001 7.199+0.002 12.35+0.02 
0.1 2.0+0.1 5.72+0.05 11.74+0.08 
0.5 1.72 6.72+0.05 
1.0 1.70+0.02 6.46+0.02 
3.0 1.86+0.03 6.26+0.02 10.79+0.07 
The change in ionic strength of the solution during the titration 
must also be considered. Ionic strength. is defined according to the 
equation 
I-0.5 (Cizi2) 
where Ci_concentration of electrolyte i (molarity) and 
Z1=charge of electrolyte i 
Thus in the case of a titration of a polybasic acid the change in ionic 
strength of solution during a titration must be taken into account and, 
if possible, kept to a minimum. 
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4.1.3 THE EFFECT OF PURITY OF CHEMICALS ON pKa VALUE. 
To accurately determine a dissociation constant of a compound, 
purity of that compound is essential. 
4.1.4 THE EFFECT OF VOLUME CHANGE OF SOLUTION DURING TITRATION ON pKa 
VALUE. 
. 
If the volume of solution changes drastically during a 
titration, the effective concentration of the acid will change making 
calculation of dissociation constants difficult. 
The earliest attempt to determine the ionization constants of 
phytic acid was made by Hoff-Jorgensen" who determined the eight 
highest pKa values of phytic acid under two sets of conditions, i. e. 
with a supporting electrolyte of sodium chloride at a molarity of 0.2M 
and 1. OM. The values determined are presented below: - 
I=1.0M NaCl I=0.2M NaCl 
Ionization step pKa Ionization step pKa 
5 1.75 5 2.20 
6 2.68 6 3.24 
7 4.59 7 5.15 
8 5.71 8 6.39 
9 7.34 9 7.96 
10 8.19 10 8.82 
11 8.78 11 9.61 
12 8.95 12 9.83 
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Uunfortunately the concentration of phytate used in the experiment is 
not mentioned and the change in ionic strength during the titration 
cannot be calculated. In addition the experimental temperature is not 
stated. Another consideration in interperating Hoff-Jorgensen's 
results is the purity of the materials used. This work was carried out 
before a reliable method for the purification of phytic acid was 
established and it is likely that lower myo-inositol phosphates were 
present in the supposedly pure phytate. This would effect the 
titration curve and could give misleading results for the dissociation 
constants. 
Barre et al. 13 determined the pKa values of phytic acid at 250C 
ten years later and their results are given below: - 
Ionization step pKa 
1-6 1.84 
7,8 6.3 
9-12 9.7 
In their work Barre et al. used an original phytate concentration of 
0.02M and used 0.1N or 1. ON HCl as titrant giving a final phytate 
concentration of 0.01M (i. e. 10ml of 0.02M phytate is titrated with 
10ml of HC1). 
Perrin12 determined the seven weakest dissociation constants of 
phytic acid by potentiometric titration of a 0.01M solution of phytate 
also containing 0.5M NaCl. The results were calculated by a UNIVAC 
1108 computer using a modified SCOGS program and are presented below. 
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Perrin also determined the six highest pKa values for scyllo-inositol 
hexakisphosphate (an isomer of phytic acid, Fig. 4-2) using a similar 
procedure as that employed for phytate except that a 0.01257M solution 
of scyllo-inositol hexakisphosphate was used. The results are also 
presented below with those for phytic acid: - 
myo-inositol hexakisphosphate scyllo-inositol 
(phytic acid) hexakisphosphate 
Ionization step pKa Ionization step pKa 
6 2.87 
7 4.74 7 3.96 
8 5.90 8 6.06 
9 7.61 9 7.82 
10 8.88 10 8.03 
11 8.90 11 8.55 
12 9.05 12 9.40 
PPP P= OP03H2 
P 
Fig 4-2 
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Although experimental temperature is not stated, it would appear that 
both sets of dissociation constants were determined at the same 
temperatures. However, as stated above, the concentrations of the 
inositol hexakisphosphates were different, 0.01M for the myo isomer 
(phytate) and 0.01257M for the scyllo isomer. Although the SCOGS 
program would be able to allow for the difference in concentrations, it 
would not be able to take into consideration the change in ionic 
strength of the respective solutions during the titrations, which for 
the acid or salts under consideration, would be considerable. For 
example, if the free acids were titrated with sodium hydroxide the 
charge of the phytate species would change from 0 at the commencement 
of the titration, to -6 at the mid-point and to' -12 on completion. 
Clearly this would give rise to a large change in ionic strength during 
the titration other" than in very dilute solutions of phytic acid. It 
would, therefore, for exact comparison, have been convenient to have 
had the concentration of the acids the same in both experiments, so 
that the ionic strength changes throughout the titration would have 
been very similar. The results obtained, however, still give useful 
information on the dissociation behaviour of phytic acid since they are 
not merely average values of two or more dissociations where no 
inflection points are observed in the titration curve8,13. 
Marini et al. 14 also determined the pKa values of phytic acid at 
250C and considered the change in ionic strength during the 
potentiometric titrations in their work. Using 1M KOH or HC1 as 
titrants, the free acid or the dodecasodium salt at low concentrations 
(0.001 or 0.002M) were titrated thus ensuring that the changes in ionic 
strength were minimal. From potentiometric data the pKa values below 
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were obtained. 
KOH Titrations HC1 Titrations 
Ionization step pKa Ionization step pKa 
1-5 1.51 1-5 1.50 
6 3.13 6 3.28 
7 5.42 7 5.58 
8 6.40 8 6.36 
9 8.44 9 8.63 
10-12 9.52 10-12 9.59 
In addition to having low phytic acid or phytate concentrations the use 
of 0.2M KC1 as a supporting electrolyte further reduced the change in 
ionic strength in these experiments. Thus for the titrations with KOH 
the ionic strength of the solutions changed from 0.2 initially to 0.278 
for 0.001M phytate (a relative change of 39%) and to 0.356 for 0.002M 
phytate (a relative change of 78%). Similarly, for the HC1 titrations, 
the ionic strength of the experimental solution would change from 0.278 
to 0.212 for 0.001M phytate and from 0.356 to 0.242 for 0.002M phytate. 
Despite these precautions the results for pKa 6-12 are in some 
agreement with those obtained by Hoff-Jorgensen using 0.2M NaCl. 
Marini et al. also obtained good standard deviations in their 
dissociation values. 
Bieth et al. 15 determined the pKa values of phytic acid using a 
0.004M solution of phytic acid in solutions containing 0.1M 
tetraethylammonium perchlorate or 0.1M tetra-n-butylammonium bromide 
with tetraethyl- tetra-n-butyl-ammonium hydroxide as titrant. The 
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potentiometric data was analysed using the computer programs SCOGS and 
MINIQUAD. The values obtained by both programs were in good agreement 
and those obtained after refinement by MINIQUAD are given below. 
Et4NC104 
Ionization step pKa 
1-3 <1.50 
4 1.80+0.13 
5 2.68+0.01 
6 4.00+0.05 
7 6.51+0.02 
8 8.12+0.01 
9 11.47+0.28 
10-12 >12.00 
nBu4NBr 
Ionization step pKa 
1-3 <1.50 
4 2.00+0.04 
5 2.73+0.03 
6 3.93+0.03 
7 6.41+0.02 
8 7.97+0.01 
9 11.50+0.06 
10-12 >12.00 
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Once again the change in ionic strength is large (from 0.1 to 0.312, a 
change of 212%). The results do not agree with those obtained by 
Hoff-Jorgensen or Marini et al. although the ionic strength conditions 
were similar in all three cases. 
In all of the above cases, the dissociation constants of phytic 
acid have been determined potentiometrically. An alternative approach 
by Costello et al. 8 involved the use of 31P-nmr spectroscopy. In 
these experiments 0.01M phytic acid was titrated with 
tetra-n-butylammonium hydroxide to a desired pH and then the 31P-nmr 
spectrum of the resulting solution recorded (tetra-n-butylammonium 
hydroxide was used because in dealing with 31P-nmr spectra of 
phosphates, the tetra-n-butylammonium cation has the best overall 
solubility properties and most closely approximates ideal cation 
behaviour). The temperature of the solutions studied was 28°C. The 
pKa values of phytic acid were determined by observing the change in 
chemical shift when each phosphate group on the inositol ring became 
deprotonated. This method not only gave the dissociation constants of 
phytic acid, but allowed the unambiguous assignment of the pKa values. 
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Ionization step pKa Assignment 
1 1.1 2 
2 1.5 1 
3 1.5 3 
4 1.7 5 
5 2.1 4 
6 2.1 6 
7 5.7 1 or 3 
8 6.85 2 
9 7.60 5 
10 10.0 4 
11 10.0 6 
12 12.0 1 or 3 
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A similar approach was subsequently used by Emsley and Niazi18 
although the pKa values and particularly their assignments disagree 
with those reported by Costello et al. The results are given below: - 
Ionization step pKa 
1 1.5-2 
2 1.5-2 
3 2-2.5 
u 2-2.5 
5 2.5 
6 3-5 
7 ca6 
8 cal 
9 8.0 
10 9.5 
11 10.5 
12 12.0 
Assignment 
1 or 3 
t or 3 
4 or 6 
4 or 6 
2 
5? a) 
5 
2 
4or6b) 
1 or 3 
4or6 
5 
a) Proton on P5 migrates to P1 or P3 at this pH. 
b) Seventh proton leaves P5 only when eighth proton leaves 
molecule. 
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A further point of conflict refers to the conformation of the phytate 
molecule. Costello et al. state that the conformation remains 
unchanged with five equatorial phosphate groups (Ie) throughout the 
entire pH range. However Emsley and Niazi found evidence for an 
inversion of conformation, at pH >2 (Ia inverts to Ie; Ia being the 
phytate with five axial phosphate groups), at pH >5 (Ie inverts to Ia) 
and at pH > 12 (Ia inverts to Ie). The differences in results may be 
due to different phytate concentrations (0.01M in the cases of Costello 
et al. and O. 1M in the case of Emsley and Niazi) and difference in 
experimental temperatures (28°C for Costello et al. and 34°C for 
Emsley and Niazi). 
Isbrandt and Oertel19 determined the pKa values of phytic acid 
using 13C-NMR, 31P-NMR and Raman spectroscopy. In this work a 0.1M 
solution of dodecasodium phytate was adjusted to a desired pH by the 
addition of small quantities of sodium hydroxide or hydrochloric acid 
and the spectra were recorded at 32°C as a function of pH. Their 
results are given below: - 
Ionization step pKa Assignment 
1-6 1-2 1-6 
7 5.2 2 
8 6.0 5 
9 8.6 u or 6 
10 9.2 1 or 3 
11 9.4 5 
12 9.6 2 
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It should be noted that in the above table three dissociations occur at 
P2 and P5. Isbrandt and Oertel explain this on the basis of proton 
migration from P1 or P6 to P2 at pH 5 and from P4 or P6 to P5 at pH -6. 
Isbrandt and Oertel, in their 13C-NMR studies, note that at lower pH 
the conformation of the phytate is Ie and at high pH Ia, with equal 
amounts of the two conformers coexisting at pH 9.4+0.1. Evidence from 
Raman spectroscopy shows that different alkali metal ions stabilise the 
phytate group to different extents, the order of stabilisation being: - 
Li; _ Na' > Cs+ 
Although many attempts to determine the pKa values of phytic acid 
have been made the change in ionic strength caused by ionisation of the 
acid during potentiometric titrations does not seem to have been 
adequately accounted for. As already mentioned there is a large discrep- 
ancy between results from one set of workers to another. 
'It therefore seemed highly desirable to carry out potentiometric 
titrations under conditions where temperature was kept constant, change 
in ionic strength was kept to a minimum and all materials used were of 
the highest purity possible. It was decided to analyse the 
potentiometric data using the computer program MINIQUAD20,21. 
MINIQUAD was used by Bieth et al. in their work on phytate. It has an 
advantage in that it will not only refine the pKa values of an acid but 
it will also give distribution plots of each individual species in 
solution during the titration. MINIQUAD has several advantages over 
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other programs designed for the same purpose i. e. SCOGS and 
LETAGROP. SCOGS is capable of dealing with multi-reactant systems 
but can only use pH titration data. LETAGROP can deal with many types 
of data, but each type requires the use of one or more specific 
sub-programs. Additionally both programs have certain mathematical 
defects which could cause the failure of convergence to produce 
satisfactory solutions. 
To illustrate the effect of ionic strength on pKa value, it was 
decided to carry out determinations of the dissociation constants under 
different sets of conditions. The conditions chosen for the 
determinations were uncontrolled ionic strength (i. e. using phytate on 
its own without a supporting electrolyte) and phytate in 0.5M, 1M and 
3M sodium perchlorate solutions. 
4.2 EXPERIMENTAL METHODS 
For all titrimetric work the equipment used was as shown in Figure 
4-3. 
Hydrochloric acid (0.1M or 1. OM C. V. S) or sodium hydroxide (0.1M 
C. V. S) was delivered from a Radiometer autoburette ABU12 (capacity 
2.5m1), into the solution of phytate contained in a double walled 
vessel (capacity 50m1) thermostatted at 25°C with water from a constant 
temperature bath. The pH of the solution was measured using a 
Radiometer pH Meter 62 equipped with a K4040 calomel reference 
electrode and a Radiometer G20401 glass electrode. Before each 
titration the pH meter was buffered using potassium hydrogen phthalate 
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(0.05M, pH 4.008 at 25°C) and borax (0.01M, pH 9.18 at 25°C) buffers. 
The buffers used were Analar and all solutions were made up with doubly 
distilled deionised water. The pH electrodes system and reaction 
vessel were mounted on a Radiometer titration assembly TTA60, thus 
enabling the solution to be stirred. The titrations were carried out 
under a flow of nitrogen. 
In order to test the reliability of the potentiometric assembly 
the pKa values of phosphoric acid were determined by the titration of 
phosphate with HC1. The titration data was then analysed using the 
MINIQUAD program and the results obtained were in'excellent agreement 
with literature values. 
4.2.1 THE DETERMINATION OF THE pKa VALUES OF PHYTIC ACID 
AT UNCONTROLLED IONIC STRENGTH 
Hydrochloric acid (1M, C. V. S. ) was added to a solution of 
dodecasodium phytate nonahydrate (supplied by Sigma and used without 
further purification 0.2722g, 0.25mMole) in O. Olml aliquots and the pH 
of the solution recorded after each addition. This was continued until 
twelve equivalents of acid had been added (3ml). Figure 4-4 shows a 
typical titration curve produced. The titration data was then analysed 
using MINIQUAD. The program could not, however, deal with twelve 
dissociation constants together, so the experimental data was separated 
into groups, the three highest constants being dealt with first and 
then adding the next highest constant in a stepwise manner to each new 
program run. Once a higher pKa had no effect on the lower one being 
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determined, this higher value could then be discarded from the new 
calculations. Table 4-1 gives the pKa values determined in this 
fashion; no values are given for the three most acidic groups because 
it was not possible for the MINIQUAD program to refine these values in 
its calculations. The values given are a mean of eight titrations 
where all nine constants could be refined to a sensible degree. 
Figure 4-5 gives the species distribution curves of the different 
phytate species present in solution as a function of pH. The diagram 
was produced by joining three separate sets of results from the same 
titration (i. e. data from the region of the titration involving the 
Na12-Na10, Nag-Na7, Na6-Na0 species). 
TABLE 4-1 
Ionization step pKa Value 
4 1.89 
5 2.27 
6 3.27 
7 5.50 
8 6.82 
9 8.52 
10 10.01 
11 10.11 
12 10.20 
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Titration curve for dodecsodiun' phytate at uncontrolled ionic strength. 
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4.2.2 THE DETERMINATION OF THE pKa PHYTIC ACID 
AT CONTROLLED IONIC STRENGTH 
In the previous experiments nine of the twelve pKa values of 
phytic acid were determined at uncontrolled ionic strength. This meant 
that as the titration proceeded, the ionic strength, under the 
described conditions, changed from 0.78 to 0.12. Therefore, 
effectively, each pKa was determined at a different ionic strength from 
its neighbouring pKa. It was therefore decided to carry out titrations 
under conditions where the change in ionic strength was minimal 
throughout the titration. The conditions chosen were to decrease the 
concentration of sodium phytate by a power of ten (along with the 
hydrochloric acid titrant) and to carry out the titrations in 1M sodium 
perchlorate, making the change in ionic strength, 1.078 to 1.012, 
almost negligible (6%). 
l 
For the titrations carried out at uncontrolled ionic strength the 
dodecasodium phytate obtained from Sigma was used without further 
purification. However for the titrations at constant ionic strength . 
the compound was purified by the method of Johnson and Tate7: - 
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4.2.2.1 PURIFICATION OF SODIUM PHYTATE 
Dodecasodium phytate was dissolved in doubly distilled 
deionised water(110ml) and the solution warmed to 65°C. 
Methanol(40ml) was added and the resulting solution was allowed to 
cool and then stand for four days, by which time a white crystalline 
product was obtained. This was collected by suction filtration, 
washed three times with a water-methanol mixture and dried in a 
vacuum oven at 1100C. Microanalysis, however, showed that the salt 
formed was in fact the undecasodium salt trihydrate and not the 
dodecasodium salt trihydrate as was expected. Analysis: Found; C 
7.52%, H 1.34%, Na 26.75%. C6H7P6024Na11'3H2O requires C 7.53%, H 
1.37%, Na 26.44%; C6H6P6024Na12'3H2O requires C 7.36%, H 1.24%, Na 
28.21. 
4.2.2.2 DETERMINATION OF THE DISSOCIATION CONSTANTS OF PHYTIC ACID 
AT IONIC STRENGTH 1M 
Hydrochloric acid (0.1M, C. V. S. ) in 0.01M aliquots was added 
to a solution (25. Oml) of undecasodium phytate trihydrate ( 0.0244g, 
0.025mmoles) and sodium perchlorate (1M) at 25°C. After the 
addition of each aliquot the pH was recorded until over 11 
equivalents of acid was added. The pKa for the most weakly acidic 
proton was calculated from data for the titration of undecasodium 
phytate trihydrate (0.025mmoles) in aqueous sodium perchlorate (1M, 
25m1) with sodium hydroxide (0.1M). The titration curve is shown in 
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Figure 4-6. The data collected was treated using MINIQUAD and seven 
of the twelve pKa values were determined. The values obtained, 
representing a mean of eight titrations are given in table 4-2. 
Figure 4-7. shows the species distribution curves as a function of pH. 
Table 
Ionization Ký a -by 
step 
-63.44 
7 4.96 
8 5.82 
9 6.59 
10 8.36 
11 8.54 
12 9.16 
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Titration curve for undecasodiun phytate in iM NaCiOu. 
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4.2.2.3 DETERMINATION OF THE DISSOCIATION CONSTANTS OF PHYTIC ACID 
AT IONIC STRENGTHS OF 0.5M AND 3M SODIUM PERCHLORATE 
Dodecasodium phytate (0.0272g, 0.025mmol) was dissolved in 
aqueous sodium perchlorate (0.5M or 3M, 25ml) and hydrochloric acid 
(0.1M C. V. S. ) was then added to this solution and the pH recorded 
as outlined above. Figure4-8 a) andb) shows the titration curves 
produced in these experiments. 
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Titration curve for dodecasodiur;. phytate in 0.5M NaC104. 
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The results obtained in both these experiments are given in 
Table 4-3 and are compared with those obtained in the presence of no 
supporting electrolyte and in the presence of 1M NaC104. The 
distribution curves of the individual phytate species present during 
the titration under both sets of conditions are shown in Figures 4-9. 
and 4-10. 
TABLE 4-3 
pKa Values 
Ionic Strength 
Ionisation step u 0.5 1.0 3.0 
4 1.89 
5 2.27 
6 3.27 3.44 
7 5.50 4.45 4.96 3.68 
8 6.82 5.42 5.82 4.74 
9 8.52 7.17 6.59 6.33 
10 10.01 8.16 8.36 7.29 
11 10.11 8.20 8.54 7.35 
12 10.20 9.56 9.16 8.25 
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4.3 DISCUSSION 
Several of the pKa values of phytic acid have been determined 
under a variety of conditions. Although in each experiment the 
standard deviation of the dissociation values were normally less than 
0.01, those quoted are the mean pKa values produced in a large number 
of titrations. 
Of the previously reported work on the pKa values of phytic acid, 
the results of Costello et al., Emsley and Niazi, and Oertel and 
Isbrandt are probably the most reliable because of the seemingly 
unambiguous assignment of pKa values. Although these results are 
somewhat contradictory they give information on the type of species 
present during titration, and not merely the charge of the anion 
present. The results of these workers are summarised in Table 4-4 
where assignments refer to the groups indicated in figure 4-1. As 
mentioned before, however, the results suffer from two disadvantages: - 
(i) The quoted pKa values are approximate. 
(ii) The ionic strength of the medium was not kept constant during 
the titration. 
The results obtained in our work at 25°C, I=1.0 M sodium 
perchlorate, I=0.5 M sodium perchlorate, I=3M sodium perchlorate 
and I= uncontrolled ionic strength are given above. The missing pKa 
values are those which could not be refined by the MINIQUAD program. 
Considering the values obtained at 1.0 molar sodium perchlorate, 
the value of pKa6 represents the first ionisation of phosphate 6 
(Costello et al. ) or 5 (Emsley and Niazi), 
i. e. R-OPO3H2 R-0P03H + H+ 
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TABLE 4-5 
Workers pKa 12 3u 5 6 7 8 9 10 11 
12 
Costello et al. 1.1 1.5 1.5 1.7 2.1 2.1 5.7 6.85 7.6 10.0 10.0 
12.0 
21 35 4 6. 1-3 2 5 4 6 
1-3 
Emsley et al. ( 1.5-2 )( 2-2.5 ) 2.5 3--5 ca6 cal 8.0 9.5 10.5 
12.0 
(, 1 or 3 )( 4 or6 ) 2 5? 5 2 4-6 1-3 4-6 
5 
Zsbrandt et al. 1-2 ) 5.2 6.0 8.6 9.2 9.4 
9.6 
( 1- 6 ) 2 5 4-6 1-3 5 
2 
f 
I 
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where R represents the remainder of the phytate anion with each 
phosphate accomadating one negative charge. The conjugate acid in the 
above equilibrium is unusual in that it carries five negative charges 
and it is therefore difficult to compare our result for pKa6 with those 
of other relevant compounds as these do not exist. 
However literature values for the dissociation constants of 
hydrogen phosphate esters are given in Table 4-5. These values are 
useful for comparison purposes since phytic acid may also be regarded 
as a phosphate ester. The most appropriate comparison for the pKa6 
value of phytate is probably that of a-D(+)-Glucose 
-1-(dihydrogenphosphate)(I) for which the equilibrium constant for H2 _ 
H+ + HL- is 1.46 at 25°C. The pKal values of the mono alkylphosphates 
in the Table are of the same magnitude. These values are considerably 
less than pKa6 for phytate observed in our work. However the presence 
of five negative charges in the acid under consideration would weaken 
the acidity (raise the pKa) of the dihydrogen phosphate group 
noticably. Hydrogen bonding of the type shown in figure 4-11 would also 
weaken the acidity. These two factors would account for the higher 
than expected pKa value observed. 
HO OH O 
HO 
HO 
OP03H2 
(I) 
188 
ö 
O ä-O 
O 
O 
O 
ä-O 
O 
_ý 
ä 
ym 
O 
Cl) O 
d 
0 
rn U. 
189 
TABLE 4-5 
Acid H2L/H. LH HL/H. L Ref. 
Monomethyl phosphoric acid 1.54 
Monoethyl phosphoric acid 1.60 
Mono-n-propyl phosphoric acid 1.88 
Mono-n-butyl phosphoric acid 1.89 
Dimethyl phosphoric acid 
Diethyl phosphoric acid 
Di-n-propyl phosphoric acid 
Di-n-butyl phosphoric acid 
Phenyldihydrogenphosphate 0.90(b) 
Glycerol-l-dihydrogen 
phosphate 
Glycerol-2-dihydrögen 1.335(a) 
phosphate 
D(-)-Fructose-l- 
(dihydrogen phosphate) 
D(-)-Fructose-1,6-bis 5.86(c) 
(dihydrogen phosphate)* 6.43(a) 
a-D(+)-Glucose-l- 1. Z6(b) 
(dihydrogen phosphate) " 
1-(Glycerylphosphoryl)- 5.70(b) 
inositol-3,4-bis(dihydrogen 
phosphate) * 
Ionic strength a=0, b=0.1, c=0.08 
6.31 
6.62 
6.67 
6.84 
1.29 
1.39 
1.59 
1.72 
5.76 (b) 
6.65(a) 
6.656(b) 
6.650(a) 
22 
22 
22 
22 
22 
22 
22 
22 
23 
23 
23 
5.84(b) 23 
6.66(c) 23 
7.28(a) 23 
6.504(a) 23 
8.05(b) 23 
'These acids are di- or tri- phosphates i. e. R-(OPO3H2)x, x=2 or 3, 
and the values quoted refer to the second ionization of the 
dihydrogen phosphate groups. 
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The pKa values pKa7-pKa12 represent the second ionisations of the 
six phosphate groups, equation (i) 
i. e. R-0P03H- R0P032- + H+ ii) 
In this equilibrium each phosphate group is going from a charge of -1 
to -2, and it would therefore be appropriate to compare these values 
with pKa2 values for phosphoric acid and the pKa2 values for alkyl or 
aryl monophosphates. The majority of phosphate esters of this type 
have pKa2 values in the region of 6.3-6.7. Perhaps, however, more 
relevant comparisons could be made with the pKa2 values of 
D(-)-fructose-1,6-bis(dihydrogenphosphate) (II) and 
1-(glycerylphosphoryl)inositol-3,4-bis(dihydrogen phosphate) (III) 
H2O3POCH2 OH 
9H 
OH H2O3PO P03H 
OH 
HO 
CH2OPO3H2 
OP03HCH2CHCH2OH 
(11) HO OH 
(III) 
In the case of 1-(glycerylphosphoryl)inositol-3,4-bis(dihydrogen 
phosphate) the dissociation constants quoted probably refer to the 
monoalkyl phosphate ester groups (second ionizations) as opposed to the 
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dialkyl phosphate ester group since this would be expected to have a 
pKa value in the region 1.5-2. The values of 5.70 for this acid and of 
5.86 for fructose-1,6-bis(dihydrogen phosphate) are similar to the pKa7 
and pKa8 values of phytic acid both of which represent second 
ionizations of phosphate groups. The increasing pKa values for the 
second ionizations of phosphate groups in phytic acid may be attributed 
to a number of factors. The pKa7-pKa12 for phytic acid should be lower 
than the pKa2 values of the phosphate esters considere4 above (and 
indeed for phosphoric acid) on statistical grounds alone since the 
conjugate acid in the equilibrium represented by pKa7 has six ionisable 
phosphate groups. However to counteract this the high negative charges 
on the conjugate acids should raise pKa7-pKa12 for phytic acid'.. In 
addition, as the charge increases, ' so will the extent and strength'of 
solvation of the phytate anion thus making, by steric hindrance, the 
remaining protons more weakly acidic. 
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4.3.1 BIOLOGICAL IMPLICATIONS 
From the pKa values and species distribution plots obtained it can 
be seen that in the pH range of the duodenum the phytate species 
R(OPO3H-)(0P032-)5 -> R(0P03H2)(0P03H )5 are present. The implications 
of these results are that phytic acid has a strong potential to bind to 
metal ions under conditions prevailing in the duodenum, perhaps causing 
their precipitation and accounting for their biounavailability. 
Attempts to measure stability constants of metal-phytate complexes in 
solution are few. Martin, Evans and their co-workers have recently 
attempted this task24-30. Equilibria in metal-phytate solutions, 
however, are complicated since there are 13 possible phytate species in 
solution, twelve of which can co-ordinate to metal ions. In addition to 
these equilibria, the protonation equilibria of phytic acid and the 
aqueous equilibria of the metal ion must also be considered in the' 
determination of formation constants. Thus. In the case of phytic acid 
the aqueous system is probably too complicated to refine the 
metal-phytate complex stability constants with a high degree of 
accuracy. 
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CHAPTER 5 HYDROLYSIS STUDIES ON PHYTIC ACID. 
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5.1 INTRODUCTION. 
The high percentage of phytate present in plant seeds and grains 
makes phytic acid a potentially rich source of phosphorus for 
nutritional purposes. Phosphorus is an essential constituent of every 
living cell, and its compounds have many functions in the animal body. 
The minimum requirement is about 0.88g per day' although this may 
rise to 1.5g during pregnancy and lactation. The distribution of 
phosphorus in the body is about 80% in the skeleton, about 10% in the 
muscles, 1% in the nervous system with the remainder generally 
distributed. The element is absorbed in the form of orthophosphate, 
and so if phytate is to act as a supply phosphorus to the body it must 
be hydrolysed into phosphate and lower inositol phosphates. This may 
be executed either enzymatically or chemically and both of these are 
discussed below. 
5.1.1 HYDROLYSIS BY PHYTASE. 
A brief introduction to phytase was given in chapter 1 although the 
the intermediates in this type of reaction and possible mechanisms were 
not discussed. 
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5.1.1.1 WHEAT-BRAN PHYTASE. 
The dephosphorylation of phytic acid by wheat-bran phytase was 
first studied by Courtois and Joseph2. They identified the 
structures of the intermediates by isolating them as barium salts 
and then comparing the rates of oxidation of these compounds with 
those of reference compounds by oxidants such as bromine and 
potässium dichromate in nitric acid and sodium periodate in 
sulphuric acid. It was found that in all cases the reference 
compounds reacted faster. From this they concluded that up to the 
inositol trisphosphate stage, the wheat-bran phytase preferentially 
hydrolysed phosphoric ester groups that were two carbons removed 
from the free hydroxyl groups in the molecule. Figure 5-1 shows the 
proposed pathway for dephosphorylation of phytic acid by wheat-bran 
phytase. 
5.1.1.2 PSEUDOMONAS PHYTASE. 
The dephosphorylation of phytic acid and its isomers by a 
phytase isolated from soil bacteria, Pseudomonas or SB2 phytase, was 
studied by Cosgrove 3,4. The intermediates from the partial 
dephosphorylation were isolated using ion-exchange chromatography. 
`Figure 5-2 summarises the pathway for the dephosphorylation of 
phytic acid by SB2 phytase. 
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5.1.1.3 MECHANISM. 
There are no reports on the mechanism of interaction of phytase 
with phytic acid. However the reaction between inositol phosphatase 
and myo-inositol-l-phosphate or myo-4nositol-4-phosphate has been 
studled5. The reaction involves nucleophilic attack on the 
phosphorus atom of the molecule causing cleavage of the phosphate 
group from the inositol ring. The phosphorus atom now bonded to the 
enzyme can be attacked by a water molecule producing a phosphate 
group that leaves the active site. The presence of lithium ions, 
however, inhibits the reaction by interacting with the incoming 
water molecule making it unavailable to attack-the phosphorus enzyme 
complex. This is, presumably, a similar mechanism to that used by 
phytase on phytate. Figure 5-3 shows the reaction scheme described 
above. 
1u 0 
OOH 
H 
ýO' 
OH OH 
Enz 
ü P`ý ýH 
Enz 
udP` 
H 
" p_ 
_ 
/ 
P-OH 
Enz 
Enz 
Fig 5- 
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5.1.2 CHEMICAL HYDROLYSIS. 
The chemical hydrolysis of phytate to produce orthophosphate can 
be considered to occur either in the plant matrix or, after 
consumption, inside the body. The chemical hydrolysis of phytate in 
the body seems unlikely on the basis of evidence presented by Desjobert 
and Petek6 and more recently by Phillippy et al. 
7. In these 
studies solutions of phytate were heated vigorously (100°C and 121°C 
respectively) to achieve noticable hydrolysis. However the conditions 
for phytate to be hydrolysed before consumption arise when plants and 
seeds are cooked, for example in the baking of wholemeal bread. This 
may also account for the different conclusions arising from the various 
nutritional studies on the effect of phytate on the availability of 
minerals as discussed in chapter 1. The diets fed to subjects were 
-invariably different (i. e. bread made from high phytate 
ingredients 
which were then baked possibly causing phytate hydrolysis, phytate-rich 
raw foods or foods with phytate suppliments), thus the amount of 
phytate in each diet could not be determined, especially in the cases 
of bread diets made from high phytate ingredients. Additionally the 
hydrolysis products of phytate, the lower inositol phosphates, may also 
influence the availability of metals to an unknown degree. The 
, 
hydrolysis of phytate by phytase in the dough mix during breadmaking 
was examined by Tangkongchitr et al. 
8'9'10 
with the conclusion that 
it was pH dependent and the limiting factor for the reaction to occur 
was the level (and insolubility) of magnesium phytate in the mix. 
Chemical hydrolysis was not considered. r 
The cooking of foods containing phytate was studied by Reddy et 
al. >> who suggested that any loss in phytate phosphorus was due to 
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the leeching of phytate into the cooking water and not due to 
hydrolysis. 
5.1.2.1 MECHANISM. 12 
Monoalkyl phosphates show a rate maximum for hydrolysis around 
pH 4' with the pH-rate profile being described by a bell-shaped 
curve. The rate maximum corresponds to the maximum concentration of 
the mono-anion form of the ester. This species undergoes a 
rate-determining unimolecular dissociation to the metaphosphate 
intermediate which then reacts rapidly with water(Fig. 5-4). 
The evidence for this mechanism is based on the following 
observations: 
a) If hydrolysis is conducted in 180 labelled water, one atom 
of 180 is incorporated into the the phosphoric acid product and none 
into the alcohol indicating an exclusive cleavage of the P-0 bond. 
b) Optically active alcohols are displaced with retention of 
optical activity and configuration at the carbon indicating an 
exclusive P-0 bond cleavage. 
c) The entropies of activation of such reactions are often 
slightly positive suggesting dissociation in the rate determining 
step. 
d) The distribution of product in aqueous methanol is directly 
proportional to the fraction of methanol in the solvent, indicating 
a highly reactive and indiscriminate intermediate such as 
metaphosphate(egn. 1) 
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Kinetic studies involving entropies of activation and solvent 
deuterium isotope effects on the hydrolysis of phosphate monoester 
dianions indicate that the reaction proceeds by a similar 
mechanism(egn. 2). 
0 11 -RDS 1-0 O-O H20. fast OO p- O HO OH 
The mechanisms discussed above suggest a possibility that the 
reaction could be catalysed by metal ions. If the phosphate ester 
is coordinated to a metal ion the R-O-P linkage could be weakened 
sufficiently to effect a faster rate-determining step(eqn. 3). 
o- 
(PO H_)i nos ito 1-OkP 
\ýMn+ 
eqn. 3 
3 5- `ýO 
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The phytate unit could also be considered to be equivalent to 
six R-0-P032- species, thus the possibility of metal catalysed 
hydrolysis of phytate is evident. If metal, ion catalysis were to 
occur in not only the processing (i. e. baking of bread) but also in 
the digestive tract, there would be a possibility that phytate 
phosphorus could be utilized by the body. 
A similarity may also be made with phytic acid and 
pyrophosphates which can undergo hydrolysis that is also catalysed 
by metals. The mechanism of hydrolysis is. given in equation w 
OO0 
/O eqn. 4 RO-P-O-P-O --+ RO-P-OH + P\\ 
O Ö 
H' -O 
I 
An important example of the hydrolysis of such compounds is 
that of ATP. ATP hydrolysis is particularly catalysed by divalent. 
metal cations which when coordinated assist the departure of the AD? 
, -leaving group 
(eqn. 5). 
O0 ýO 00 
adenosine-O-IP-O-P-() ' 
P-OO- 
--1 adcnosine-O-P-O-P-OH egn. 5 
Oý 0- H-0 0 
'O- Mj'f V' M2" 
PO3 
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Thus a study on the hydrolysis of phytate would give 
'information not only on the stability of the ligand but also on the 
effect of any metal ions present in a normal diet on this stability. 
5.1.1 MATERIALS. 
Phytic acid was obtained from Sigma Chemical Company and used 
without further purification. All other reagents used were of AnalaR 
grade and water was doubly distilled and deionised. 
5.1.2 METHODS OF ANALYSIS. 
This study consisted of two parts,. firstly the production of 
pH-rate profiles for phytic acid and'phytic acid in the presence of 
metal ions, and secondly the comparative study of the effect of 
different metal ions on the rate of hydrolysis of phytate at one chosen 
pH value. The first part of this study involved following the rate of 
production of inorganic phosphate and in the, second part the 
disappearance of phytate was, monitored. In, following the reaction by 
phosphate production a method of determination of phosphate that is 
unaffected by organic phosphate is essential. Irving and Cosgrove13 
recognised this problem and adapted a method that extracted 
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orthophosphate into an organic phase14. However the method of Barney 
et al. 15,16 was found to be unaffected by the presence of organic 
phosphate; the method is more convenient to execute and, since it does 
not involve an extraction step, is subject to less errors than the 
method proposed by Irving and Cosgrove. The methods of analysis are 
outlined below. 
5.1.2.1 PHOSPHATE ANALYSIS. 
A standard solution (0.021M) of ammonium vanadate was prepared 
by dissolving of ammonium vanadate (1.25g) in hot water, adding 
concentrated nitric acid (10mi) and then diluting this solution with 
water to 500m1 in a graduated flask. A standard ammonium molybdate 
solution (0.01M) was prepared by dissolving ammonium molybdate (5g7 
in warm water (50ml), cooling and then diluting with water to 100ml 
in a graduated flask. 
The samples containing phosphate (1ml) were placed in a 
volumetric flask (10ml) and to this was added nitric acid (3M, 1ml) 
and the standard ammonium vanadate, (1ml) and ammonium molybdate 
solutions (1m1) in that order. The resulting solution was diluted 
to 10ml with water and left for 30 minutes to. allow for the colour 
to develop. The absorbance of the yellow solution produced was 
measured at 340nm using a Philips PU 8740 UV/Vis Scanning 
Spectrophotometer against a blank prepared in the same way. The 
phosphate concentration was determined from the absorbance using a 
calibration curve covering a range of 0-2mg phosphorus per 100ml. 
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5.1.2.2 PHYTATE ANALYSIS. 
., :ý, ý- 
The analysis of phytic acid was carried out'by high-performance 
liquid chromatography using the method of Tangendjaja, et al. 17 and 
is outlined below. 
HPLC was carried out using a Altex Model 110A pump for solvent 
delivery and a Erma Inc. ERC-7510 RI detector. The samples 
containing phytate (20u1) were injected onto a uBondapak C18 column 
using a sodium acetate solution(0.005M) as solvent and a flow rate 
of 0.5m1/min. A standard' curve. was produced' by using various 
concentrations of phytate at the same pH as the samples to be 
analysed. 
5.1.2.3 HYDROLYSIS OF PHYTATE. 
Dodecasodium phytate (0.8704g, 0.8mmol) was dissolved in 
aqueous sodium chloride (0.5M, - 80m1) and adjusted to the required 
pH (1-12) using NaOH(2M) or HC1(3M). The pH-adjusted solution was 
then made up to 100ml with aqueous sodium chloride solution (0.5M) 
in a volumetric flask. The resulting'solution'was divided into two 
portions and both of these" were immersed} in a Grant W14-ZD 
thermostatic bath containing Dow Corning 200/20 cs silicone fluid at 
95°C + 0.1°C. Samples were withdrawn at various time intervals and 
analysed for orthophosphate and phytate "by the methods described 
above. 
In a further experiment a solution of dodecasodium phytate was 
prepared by dissolving dodecasodium` phytate (1.7u08g, 1.6mmol) in 
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aqueous sodium chloride solution. (0.5M, -80m1) and the pH was 
adjusted to 4 using HC1(3M). The pH adjusted solution was then made 
up to 100ml using aqueous sodium chloride (0.5M) in a volumetric 
flask. This solution was then divided into two portions and 
immersed in a thermostatic bath at 95°C + 0.1°C. Samples were 
withdrawn at various time intervals and analysed for orthophosphate 
by the method described above. 
5.1.2.4 HYDROLYSIS OF PHYTATE IN THE PRESENCE OF METAL IONS. 
5.1.2.4.1 pH RATE PROFILE STUDIES. 
Dodecasodium phytate (0.8704g, 0.8mol) was dissolved in 
aqueous sodium chloride "(0.5M, -80ml), `-and to this copper(II) 
chloride solution (80mmol in`O 5M NaCl, 1mi) or calcium chloride 
solution (8OmM in 0.5M NaCl, 4ml) was added. The difference in 
the amounts of metal chloride added was"due to the difference in 
solubilities of the respective metal phytates. The solution was 
then adjusted to the required pH (pHl-pHl2) using NaOH(2M) or 
HC1(3M). The pH-adjusted solution `, was' then made up to 100m1 
using aqueous sodium chloride-solution (0.5M) in a volumetric 
flask. The resulting solution was divided into two portions and 
immersed in a thermostatic bath at 95°C + 0.1°C. Samples were 
withdrawn at various time intervals and analysed for free 
orthophosphate by the method described above. The conditions for 
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the above reactions are summarized in table 5-1. 
TABLE 5-1- 
TEMPERATURE 95°C 
IONIC STRENGTH (NaCl) 0.5M 
PHYTATE CONC. 8.0mmol 
Cu(II) CONC. 0.8mmol 
Ca(II) CONC. 3.2mmol 
5.1.2.4.2 EFFECTS OF A RANGE OF METAL IONS AT, pH 4. 
Dodecasodium phytate (0.8704g, 0.8mmol) was dissolved in 
aqueous sodium chloride solution (0.5M,,, -80m1), and to this the 
metal chloride solution was added (80mM in 0.5M NaCl solution, 2m1, 
metals used were calcium(II), copper(II), magnesium(II), 
nickel(II), cobalt(II), zinc(II), cadmium(II), mercury(II), 
iron(III) and aluminium(III)). The pH of the solutions were 
adjusted to pH 4 using HC1(3M) and then made up to 100ml with 
aqueous sodium chloride -solution (0.5M) in a volumetric flask. 
The resulting solution was divided into two portions which were 
immersed in a thermostatic bath at 95°C'+ý0.1°C. Samples were 
withdrawn at various time intervals and analysed for phytate by 
the method described above. 
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-5.2 RESULTS. 
In this study the hydrolysis of sodium phytate at various pH 
values in the presence of copper(II) ions and calcium(II) ions was 
measured and compared with the hydrolysis of the ligand. The 
hydrolysis of phytate in the presence of other metal ions at pH 4 was 
also studied. The reactions were followed by either measuring the 
Increase of orthophosphate or decrease of phytate during the reaction. 
All reactions were carried out in 0.5M sodium chloride solution to keep 
the charge in ionic strength throughout the reaction negligible. The 
reactions follow first order kinetics and typical first order plots are 
given in Figures 5-5 to 5-8. The pH rate profiles for the hydrolysis 
of phytate alone and in the presence of copper(II) ions or calcium 
ions(II) are described in Table 5-2. No value is given for the 
hydrolysis of phytate in the presence of copper(II) ions at pH 12 
because precipitation of a copper complex occurred under these 
conditions. The figures quoted represent a mean of two experiments, 
the data from which produced linear plots for the whole reaction with a 
correlation coefficient of at least 0.99 in first order kinetic 
analysis. Table 5-3 gives a summary of the results obtained from the 
studies on the effect of different metal ions on the rate of hyrdolysis 
of phytate at pH u. 
The hydrolysis of phytate at pH 4 using two different phytate 
concentrations gave first order rate constants of 8.74 x 10-4 min-1 for 
8X 10-3M phytate and 8.51 x 10-4 min-1 for 1.6 x 10-2M phytate 
concentration. 
TABLE 5-2 
FIRST ORDER RATE CONSTANTS FOR THE HYDROLYSIS OF FREE PHYTATE AND PHYTATE IN THE 
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PRESENCE OF CALCIUM OR COPPER IONS AT VARIOUS pH VALUES CALCULATED BY FOLLOWING 
THE PRODUCTION OF ORTHOPHOSPHATE SPECTROPHOTOMETRICALLY. 
k 
104-min-1 
pH FREE PHYTATE WITH Cu(II) WITH Ca(II) 
1 3.98 2.69 5.09 
2 5.17 6.13 7.23 
3 6.13 6.39 7.73 
4 8.74 15.50 6.90 
5 6.51 6.51 6.11 
6 4.50 4.25 3.75 
7 3.26 4.04 3.13 
8 2.57 3.29 2.34 
9 1.17 2.16 0.86 
10 0.96 0.66 0.68 
11 0.69 0.21 0.63 
12 0.28 - 0.50 
TEXT BOUND INTO 
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Fig 5-5 'First order kinetic plot for the hydrolysis of phytate 
in the presence of Cu(II) ions at., pH 3 in O, 51 VaCl. 
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Fig 5-6 Virst order kinetic plot for the hydrolysis of phytate 
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p: i rate profiles for the hydrolysis of phytate, phytate 
in the presence of Cu(II) ions and phytate in the 
presence of Ca(II) ions at 95°C. 
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TABLE 5-3 
THE EFFECT OF METAL IONS ON THE RATE OF HYDROLYSIS OF PHYTATE AT pH 4 
CALCULATED USING THE DISAPPEARANCE OF PHYTATE AS DETERMINED BY HPLC. 
METAL ION kx 104min-1 
Free Phytate 8.05 
Nickel(II) 8.36 
Cobalt(II) 8.38 
Manganese(II) 8.47 
Magnesium(II) 8.69 
Iron(III) 8.77 
Copper(II) 8.94 
Aluminium(III) 9.00 
Calcium(II) 9.14 
Cadmium(II) 9.44 
Zinc(II) 9.50 
Chromium(III) 9.83 
Mercury(II) 10.0 
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5.3 DISCUSSION. 
5.3.1 HYDROLYSIS OF PHYTATE. 
The hydrolysis of phytate was studied over the pH range 1-12 in 
0.5M NaCl at 95°C. The temperature chosen was convenient 
experimentally and was sufficiently high to effect a noticable 
reaction. Below 75°C the reaction was too slow to monitor conveniently. 
A rate maximum was observed at around pH 4, as reported for other 
moroalkyl esters of phosphoric acid12,18. However the effect of pH 
on the rate of hydrolysis may not be as pronounced in the case of 
phytate as in other more simple monoalkyl esters of phosphoric acid. 
Hence the first order rate constant (100.1°C) for the hydrolysis of 
methyl dihydrogen phosphate, a neutral species, is 3.00 x 10-5 min-1 
whereas the first order rate constant (100.1°C) for its monoanionic 
conjugate base is 4.94 x 10-4 min-1, an increase in rate of 
approximately 15 fold19. However the rate of hydrolysis of phytate 
between pH 1 and pH 4 changes by only a fraction of this from 3.98 x 
10-4 min-1 to 8.78 x 10-4 min-1 respectively. This may be explained by 
the mechanism of hydrolysis of phosphate esters at low pH. In acidic 
conditions the phosphoryl group may be present in solution as either 
the neutral protonated species of the monoanionic species, depending on 
the acidity of the solution and the pKa values of phosphate groups. 
The hydrolysis of each species appears to proceed by a different 
mechanism. The mechanism of hydrolysis of the monoanionic form has 
been discussed previously and the mechanism for hydrolysis of the 
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TABLE 5-4 
RATE CONSTANTS FOR THE HYDROLYSIS OF THE MONOANIONS 
OF MONOSUBSTITUTED PHOSPHATES RXP03- 
RX Temp. °C kx 104, min-1 
HO- 100.1 2.42 
MeO- 100.1 4.92 
EtO- 100.1 3.65 
Glycerol-l- 100.0 8.10 
Glycerol-2- 100.0 16.62 
H3N+CH2CH2O- 100.0 18.42 
Me3N+CH2CH2O- 100.0 10.80 
C6H50- 100.0 156.00 
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TABLE 5-5 
RATE CONSTANTS FOR THE HYDROLYSIS OF THE NEUTRAL SPECIES 
OF MONODERIVATIVES OF PHOSPHORIC ACID RXPO3H2. 
RX- kx104, min-1 Temp. °C 
HO- 7.68 100.1 
MeO- 3.00 100.1 
C6H50- 162.00 100.0 
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neutral phosphate ester is reviewed below. 
The favoured mechanism, using monomethyl dihydrogen phosphate as 
the example, involves a bimolecular attack on carbon by a water 
molecule (SN2(C)] as illustrated by equation 6. 
H 0HH0H0 
u H2O + H-C- O- P(OH)2----ý H20--... C! """"p_P(pH)2 ----ý H2O Cý H+ OP11 (OH)2 
Ile HH 
egn. 6 
If phytate at pH 1 is hydrolysed by this mechanism, the rate constant 
would be expected to have a value less than that of the hydrolysis rate 
constant of methyl dihydrogen phosphate, due to attack by the water 
molecule on a phytate carbon being hindered by the rest of the phytate 
molecule. However other factors should be considered: - 
a) Phytate is a hexaphosphate ester and therefore on statistical 
grounds alone its hydrolysis should proceed more rapidly. 
b) There is a possibility that at pH 1 one or more of the 
phosphate groups are present in the monoanionic form since the strongly 
acidic sites of phytic acid have pKa values of about 1 (see chapter 4), 
and the negative charge would impede the approach of the nucleophilic 
water molecule on a phosphate group which is unionised. The resulting 
observed rate is probably a compromise of these effects. A similar 
argument may be applied to the rate maximum for phytate occurring at pH 
4. At this pH (from chapter 4) and at an ionic strength of 0.5M, 
phytate has each of its phosphate groups in the monoanionic form and 
hence only one mechanism should operate for hydrolysis under these 
conditions. Therefore the main differences between the rates of 
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hydrolysis of a simple monoalkyl phosphate and phytate could arise 
because of 
(i) steric factors which influence the association of water with 
the leaving phosphate group. 
(ii) statistical factors due to the presence of six phosphate 
groups, and 
(iii) charge effects due to the high negative charge on the 
molecule as a whole. The observed rate is a compromise of these 
effects and from the data available on the hydrolysis of monoalkyl 
phosphate anion18 the rate of hydrolysis of phytate at this pH is 
similar to that of the simple alkyl phosphates. 
Because at pH u all the phosphate groups of phytate are 
monoanionic, it was decided to study the kinetics of the hydrolysis at 
this pH. 
So far all of the rate constants quoted have been obtained from 
the experiments where the reactions were followed by the increase of 
orthophosphate. However the rate constant obtained by following the 
disappearance of phytate is 8.05 x 10-4 min-1, in good agreement with 
the values obtained for the rate of appearance of phosphate at pH 4. 
The small difference may be due either to inherent inaccuracies in one 
or both methods and to the complexity of the system under study. 
As the hydrolysis of phytate is carried out at increasingly higher 
pH, the first order rate constant decreases for the reaction. This is 
explained by the monoanionic phosphate groups in the phytate unit 
becoming deprotonated making the phosphate species a poor leaving 
group. 
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5.3.2 THE EFFECT OF METAL IONS ON THE HYDROLYSIS OF PHYTIC ACID. 
The metal promoted hydrolysis of phosphate esters has been 
reported in past years20-27. In the studies carried out copper(II) 
ions were found to have the greatest catalytic effect in many 
cases20-23,25,27 and for this reason was included in our study. 
Calcium, on the other hand, is present in great abundance in the 
average diet and was therefore the most likely ion to be bound to 
phytate during food processing. The comparative study on the effect of 
different metal ions on the hydrolysis of phytic acid was performed at 
pH 4 only; this pH value was chosen for convenience. 
5.3.2.1 pH RATE PROFILES. 
The pH rate profiles for the hydrolysis of phytate alone and in 
the presence of copper(II) and calcium(II) (Fig 5-8) are bell shaped 
curves with maxima around pH 4 or pH 3 (in the presence of calcium 
ions). The main conclusion arising from these results is that with 
the exception of one set of conditions (i. e. phytate in the 
presence of copper ions at pH 4) the presence of metal ions does not 
appear to increase the rate of hydrolysis of phytate. However 
solubility factors must be taken into account; the solubility of 
the phytate complexes across the pH range studied varies widely not 
only with pH but also with temperature. For example the conditions 
chosen in the case of copper ions were those that gave the maximum 
concentration of copper ions in solution across the whole pH range 
at 95°C (phytate complexes become less soluble with increasing 
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temperature) however this gives a phytate to copper ion ratio of 10 
1. For a more conclusive study a phytate to copper ion ratio of 
1: 1 would be more desirable or even a phosphorus to copper ion 
ratio of 1 1, however this is not possible because of the 
insolubility of the copper phytates at these ratios. The solubility 
of the metal phytate complexes is therefore another factor to be 
considered in the processing of food. For example if, in the baking 
of bread, phytate were to precipitate as one of its salts it would 
become unable to become involved in a hydrolysis reaction, thus 
reducing further the possibility of phytate being a source for 
phosphorus in the human body. 
The effect of copper ions on the hydrolysis of phytic acid at 
pH 4 may be explained as follows. At lower pH values the copper ion 
may not be bound to the phytate molecule however at pH 4 binding may 
occur. Above pH 4, however, the copper ion may change its form in 
solution (for example it may undergo hydrolysis and the hydroxy 
ligand would reduce the positive charge) 
making coordination to phytate less favourable. The 
greatest overall effect is at pH u when the rate for the hydrolysis 
of phytate in the presence of copper ions at pH 4 is double that of 
phytate alone at the same pH. 
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5.3.2.2 EFFECT OF VARIOUS METAL IONS ON THE RATE OF HYDROLYSIS OF 
PHYTATE. 
This comparative study of the effect of different metal ions at 
the metal: ligand ratio of 10: 1 on the rate of hydrolysis of phytate 
showed that varying the metal ion involved in the reaction did not 
appear to effect the rate of disappearance of phytate significantly. 
It is possible one reason that the rate of hydrolysis of 
phytate is not effected significantly by metal ions because of 
solvation of the ligand. It has been reported that an outer-sphere 
binding of water molecules occurs with some alkyl 
monophosphates28,29 making the phosphate oxygens and metal ions 
separated by water molecules thus reducing the effect of the metal 
ion on the susceptibility of the phosphate group to metal catalysed 
hydrolysis. Phytate, being highly charged even at fairly low pH 
values, will be highly solvated as is observed in the solid state 
(see chapter 3) and will almost certainly reduce the possibility of 
metal ions bonding directly to its phosphate groups whilst it is in 
solution. 
There is obviously more work needed to be done on the hydrolysis 
of phytate, eg. following the reaction by 
31P-nmr spectroscopy to 
identify not only the production of orthophosphate and disappearance 
of phytate but also to gain information on the intermediates of the 
reactions as these will probably be different to those produced by 
the enzymatic hydrolysis of the ligand and could be of potential use 
in the biochemical field. These products could be separated using 
ion exchange chromatographic methods making the production of the 
231 
lower inositol phosphates potentially considerably cheaper. 
Additionally the study of the lower inositol phosphates on a 
chemical basis i. e. determination of pKa values, binding constants 
to metals etc. would help to expand on the information known on 
phytic acid. 
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